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MUTUAL INDUCTANCE AND TORQUE BETWEEN TWO 
CONCENTRIC SOLENOIDS 


By Chester Snow 


ABSTRACT 


By integrating a certain form of expression for the magnetic field due to a 
circular current, an expression equation (25) involving zonal harmonics is obtained 
for the r-component of magnetic field within a solenoid, where r is the radius 
vector from an origin lying on the axis of the solenoid. By means of a theorem 
derived in Research Paper No. 18 this component alone enables us to obtain the 
flux of this field through a circular element perpendicular to r, and, thence, by 
integration the mutual inductance of the two solenoids is obtained in a rapidly 
converging series. The axes of the solenoids make an angle 0, and by differ- 
entiating with respect to this angle the torque between the two is obtained when 
each carries an electric current. The effect of the discrete nature of the windings 
of both solenoids is investigated, and correction terms obtained for this effect. 


CONTENTS 


I. Introduction 
II. The magnetic field within a solenoidal current sheet 
III. The flux of an external field through a solenoidal current sheet____ 
IV. The mutual inductance between two solenoidal current sheets whose 
axes intersect—one solenoid within the other 
VY. Mutual inductance of two concentric solenoids not neeessarily 
parallel 
VI. The torque on the inner solenoid 
1. Correction factor when inner solenoid is a single layer helical 
wire of radius p? 
2. Field of endless helical filament—Uniformity of field within 
it 
VII. Summary 


I. INTRODUCTION 


In a certain type of current balance for absolute measurements a 
large solenoid incloses a smaller one, the two being concentric and 
having their axes perpendicular. The torque on the inner one when 
they both carry electric currents may be found by first finding their 
mutual inductance when their axes make an angle @, and then 
differentiating this with respect to @. In the derivation of an accurate 
formula for this mutual inductance it will be assumed that the two 
solenoids are each current sheets. Correction terms will then be 
found which take account of the discrete nature of the windings in 
each solenoid. 

A section of thé two solenoidal current sheets by a plane containing 


the axes of both is shown in Figure 1. 
eengdiine, 685 
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Il. THE MAGNETIC FIELD WITHIN A SOLENOIDAL CURRENT 
SHEET 


The magnetic potential AQ (a, y) at P (a, y) (fig. 1), due to the 
circular current of amount n, dz, in the circle whose center js at 
(z,, 0) and whose axis is the z-axis, its radius being q, is obtained jp 
Research Paper No. 18, equation (12) as 


AQ (a, y) =2rna,dx, e-s—m) J, (a,8) Jo (ys) ds if <x 


(1) 
Le 2) 
= —27rn,a,dz, ( es &—™) J, (a, 8) Jo (ys) ds if x, >x 
J 0 
































Fic. 1.—A principal section of two solenoids whose axes intersect 


where J, and J; are Bessel’s functions. First differentiating with 
respect to x and y, respectively, and then integrating with respect to 
x, from —c, to 6,, gives for the field components at P, due to a unit 
current circulating around the large solenoid (a cylindrical current 
sheet), 


6 ad 
H, = —- = 2, ¥) = 27nd; ds J; (a8) J, (ys) {2—e-s(i-») —e-8 (e+) } (2) 


6Q (x "eo 
H,= — (2, y) =2rma; | : ds J, (a,8) J; (ys) {e-8 -® — e-8 (atx) } 


bx (3) 
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These are the magnetic field components (due to unit current in the 
large solenoid with n, turns per cm) at any point @, y inside or outside 
this solenoid provided —c,<a2<b;. For the case where P (z, y) lies 
within the large solenoid y’<a,”._ It is known that 





ge Jn (ys) det ¥))~ af ifz>0 (4) 


° y (e+y’)} 
a; [as J; (48) Jo (ys) =1 if y< gy 
=0ify>a, 


Hence, for internal point the equation (2) may be replaced by the 
following when y< a, and —¢, <2 < dy. 


(5) 


H, (x, y) =4xn— Pena, { ds J; (a,8) Jo (ys) {e-8 1-2 —e-8 tn} 


=4rn, + 24nd, | (aDy) |e (-x) J, (ys) ds (6) 


+I, (De) { -e-* Jy (ys) ds | 


or, making use of equation (4) for n =0. 


1 


HH, , y) = 4nrn, = 277,0; E (a,Dp,) V@i—2) +¥" 
1 


+d; (a,D,,) 


ies SER 
Veta ty 


Similarly equation (3) leads to 
H, (¢, y) = —2rmas| J, (aDs,) f“e-8— Ji (ys) ds 


~J; (De) f esto J, (ys) as 


or, by equation (4) for n—=1. 








Hy(e,y) =m J, (a,Dy, See J (aD acs | 


ee 

WG-2 tH ) Tetary 
Here J, is a Bessel’s function in the symbolic sense, its argument 
being a differentiating operator. 

If H,(r, @) denotes that component of field at any point in the 
plane whose polar coordinates are (r,@), which is reckoned in the 
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and y=r sin 8) 


H, cos 6+ Hy sin 6 


direction of increasing r, then from (7) and (8) (placing xr og 4 
H, (r, @) 


=4rn, cos 04+ 2rn,a, 4 (a,Dp,)— 


1 
—J (a,D,,) 


rafts i 7,008 0+ | 


One form of expansion for this may be obtained by using the serie 


1 
rfi-2 2F cos 0+ f 





of zonal harmonics 


is ee 


—_—— ‘ 
Ai1.))7 
ryfi-2} cos 0+ fy: 5 a aele pen? 


s+1 (cOS 8) when r<b, 
Operating on this with 


em(3)" 
J; wrens kl (k+1)! 

and noting that 
_T(st+2k+2) 1 
r (s +4. 1) b,**+8 
one finds 
Ji (a,D,, : 


r i 
raf > 25, cos 6 a 


at a (s+ 2k+2) Poss (cos 6) i 
TELDE EEE (s+1) (3 6, 











Similarly if r is also less than c; 


ah (a,D,,) 


i 
i >>) Novant az) 
k 


=9Q s= 








2) Pes (cos 8) ( a, VX" ‘ 
P(k+1)T k+2)T ( sce ) (—1) cf 
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Snow} 
Using the equations (13) and (14) in (9) gives 
H, (r, 0) =42rn, cos 0 





i SVU (—1)EF (s+ 2k +2) Pass (cos 8) 
rma?) 1) Pk+1I)le+2)r(s+1) 


(F) | pawn Sea | 


If in this formula we sum first with respect to k making use of the 


formula 
ee. 
P (+ 2k+2)—— —T( b+ 2 r(x +#33) (16) 


it becomes, letting u =cos 8 


H, (78) =4rn,y— mra;"D, [vy (r, w, b1)— ¥(r,—H, ¢)] (17) 


Yom bd) son Py (u (4) rest a7. 9,2 . (18) 


where F denotes the hypergeometric function, which has a meaning 





where 


only if s and are less than unity, which is the case for the applica- 
1 


tions to be made here. By applying Euler’s transformation 


« 


2° 9 ba) ar tbe 


p(tHlk+2 9 as b,? y" @thi= ‘. 


9 a. 92 a Pe 2 _ Lb. +3) (19) 
This reduces equation (18) to 
2+k 3-—k 


7 w FAS FS 2 oa as) oe 


r,**! 





Vv (rym, b;) =COS a 
where 


—y4-5 a ‘ ii 
r=-/a,;?+b? and tan a, 2 and a; is a positive (21) 
1 
acute angle shown in Figure 1. Similarly, if we let 
pz=va;?+c,? and tan B,=— 


where 8; is the positive acute angle shown in Figure 1, then 


Cy 3 


} ™P, (—u) F(- 3” 3, 2, sin? 61) 
¥ (r,—y, 1) =cos B, a pet (22) 
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By the use of (20) and (22), the expression (17) becomes 
H, (7, h) =4rn pb 
© 2+k 3-k 


di, cos nr Me es ¥ » 2, sin? a:) R 
—mra,"D,, ei Py () ———— Th ” eee Z (i) 


cos os BF (7 5", eT + 2, 2, sin? 61) 


—Py (1) - i 


If Gauss’s transformation be applied to these hypergeometric func. 
tions, one finds that 


F(5 +k 2 2 2, sin? a:) 


2+k 3-—k ee 2S $08 
=Cos ak (AS a i 2, sin? a) = wages = ye ) ifk=1 (24 


2P’. 4 Ae. @) . 
where P’, denotes the derivative of Py with respect to its argument 
Hence, the expression (23) for H, (r, ») becomes 


H, (r, ») =2rn, | (COs a; + COS a) wu 


in Fh din? Sierra (u) P’. (cos )S ai) 
r sin? ay rik (+1) 





: " rt! Px (—u) P’x (cos B:) 
2 aS 
+D, sint bs DE ED 
k=1 
This r-component of the field is all that will be required in what 
follows. If the @-component is desired it may be found by projection 
of H, and Hy, which are given in equations (7) and (8). 


Ill. THE FLUX OF AN EXTERNAL FIELD THROUGH A 
SOLENOIDAL CURRENT SHEET 


The magnetic flux through a circle of radius a; whose center is &t 
P(z, y) and whose plane is perpendicular to r has been obtained in 
Research Paper No. 18; equation (10) as 


AM= — 2razJ,(a.D,)Q(a, y) 


= 27d, a Hr, 0) + y- 1)" (3 D#H,(r, a (26) 
I'(n+1)0(n+2) | 
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The mutual energy between this magnetic field and a solenoid or 
cylindrical current sheet made up of a series of continuously dis- 
tributed circles, all parallel, coaxial, and of equal radius a2, the axis 


entending from r=c, to r=b.>cz (oxe= 5) and carrying a circu- 


lating current n2 per unit length (which is constant) may be derived 
from equation (26) by multiplying by nedr and integrating with 
respect to r from c, to b, (holding @ constant at some value between 


zero and =) This energy W, is given by 


(aa \! 
W,= -2enaft fnarS) + 1) (3) (DP * A) rm, 


a el +1) (n+2) 





ee (DH) rmeql} (27) 


It is important to notice that this formula, although it makes no 
assumption as to the origin of the magnetic field H, does not apply 
to the case shown in Figure 1, where the axis of the small solenoid 
extends beyond the origin. It only applies to the case where both 
ends of the axis of this solenoid lie in the direction of the acute angle @ 
from the origin. On account of the peculiar character of the polar 
coordinates it must be modified as follows to fit the case of a solenoid 
shown in Figure 1. In the first place, it is evident that the integral 


"be A 
| H.dr must be replaced by ( ‘ Hds where s is the distance from 


B, to any point on the axis of the solenoid and H, is the field compo- 
nent in the direction from B, to Az. Its value will of course be inde- 
pendent of the path from B, to Az. In the second place, if it is agreed 
that the polar coordinates of the point A, are (b2, @) where @ is the 
positive angle between zero and 7 (shown in the fig. 1 as acute), then 
the polar coordinates of B, will be (c:.,9—7) making the convention 
that all polar angles shall lie between —7 and x. With this under- 
standing the term in (27), namely, (D,""'H;),=c, for n= 1, 2,3 (which 
is the derivative of odd order in the direction BA, of the field 
component in this same direction, taken at the point whose polar 
coordinates are ¢:, 6 where 0<6<7) must be replaced by D.,7"~'Hee 
(c,, r—@) when B, lies on the opposite side of the origin from A, and 
where H,, (2, *—@) denotes the field component at B, in the direction 
of increasing ¢2; that is, away from the origin. The modification of 
(27), which gives the mutual inductance between the unit current 
with m, turns per cm in the cylindrical sheet No. 2 and the external 


a a 
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Snow 


field, for the case shown in Figure 1 where the faces of the cylinder 
lie on opposite sides of the origin, is (using u for cos 6) 





bs on ts y(Z)" 
M = nora, f. H, (r, ) dr + fod T (n+ i) r (n + =) Dy," os (b», u) u) 


— {"H.(,—1) dr— pn Cur ) 3) Dea ‘HT. 2 (Co 1) (28) 


nail (n+1)T (n+ 


This formulation of the flux through the cylindrical sheet of radius 
a, is independent of the particular source of the field. It is to be 
understood that b, and c; are the positive real radii vectors from the 
origin to the points A, and JB), respectively, the corresponding 
angles being @ and —@, and the subscript, 6, or cz indicate that the 
component of field is reckoned in the direction of increasing }, or ¢,, 
respectively. 

It is in a form suitable for those applications in which the field at 
the points A, and B, is given in terms of the plane polar coordinates 
of these points, by expressions which hold for all values of r and of § 
in the range between —7 and 7. 


IV. THE MUTUALINDUCTANCE BETWEEN TWO SOLENOIDAL 
CURRENT SHEETS WHOSE AXES INTERSECT—ONE 
SOLENOID WITHIN THE OTHER 


The two field components which occur in (28); namely, Ay, (b2, u) 
and H,, (c2,—q) are obtainable from (25) and are 


1b, kHP, P 
Hy, (b2, 1) = zen 0 a, +cos B;) u— Dy, sin?’ oy “ra WF ae 08 a) 


TV 3! Pras (— u) P’, (cos Bi) 
: 2 SON PAS Eee 
+ Dy, sin? B, fa k(k + 1) px* | 


A, (co,— uw) = Zen (cosa, +cosf)u 


— k+1 DP »” 
—Da. sin? a, ae ae (cos 2) 
k=] 





co 


= » K+1 P ( , 08 
+ tn "Pago Ff 
k=1 
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Making use of (25), (29), and (30) in (28) gives 
M= 2rnyngta,*{ (b2 + ¢2) (cos a, + cos 8) u 
—U(b2y by M1 a) + U(b2,— wy Pr, B1) + U(Co, — My Tr, 21) — W(Ca, My 1,81) } (31) 


where 


- (5 “)" Dy, k+1 
1 (Boypy?, on) sin? a) (- 1) 2 - hs Pras: (u)P’ «(cos a) 
n=0 





T(n+1)T(n- k(k+1)r* 


Pp c- 3 (as VBE &)P 
" 2 Z x+1 (u).P” x(COSQ) 
7, gin a (n+1)T(n+2) 4 riXT (k +2—2n) (3) 


n=0 


2n 
; ye ou oi ) 
a b\* 
k=1 n=0 


But when k is a positive integer 


Qo ‘ k+1 
= (—1) ial ac i > aieeees aly 2,— tan? ay) 


JT(n+) )T(n+2)P(kK+2—2n) k(k +1) 








5+k —k , pha 
i a ‘oe 2, sin? an) a : 2P'x42(c08 a3) | ee 
k(k+1) cos*® az — k(k+1)(k+2)(k4+3) cos*t! ay 





(33) 


9 


= a 
r’ =a? + 6,7 and tan a,= _ Hence 


— kK , 
U(b, My 71, a) = 2r2 sin? a) (2) * Sa ( aie 
k=1 : 


2rs Py_; (cosa) — Px41 (cosa) 
~ sin? Oy (2 (2) ] +1 «+1 (u) (34) 


P 4, (cosa,) —P ~_teals OSa.) 
ae 


For the other functions u one may adopt a similar notation; namely, 


7 dy 
pr =A" + ¢?, tan By =— 
C2 
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V. MUTUAL INDUCTANCE OF TWO CONCENTRIC SOLENOIDs 
NOT NECESSARILY PARALLEL 


, 2 on 
In this case c;=},, 8, =a,;=tan™ 5,’ p=" = a +6, c.=b,, 8, 


ong 


2 
=a. = tan p,? P2= r= az? + b,?, u=cos 8, where @ is the angle 
2 


between their axes. The formula (31) then reduces to 


= 47, Note 209\s@ COS Ay 
M=4 a72b | 


9 gin? ey cosa) Wises) P’ns (cosa) Pat (#080) (11) 
ot ey 2s (28 + 1) (28 +2) (28 +3) r,) | 


s=1 


—— sin? a; COs? a (38) 
= 89 N22 be COS a jw — —— = a 


= Cs (cs) Coss (aa) Poors wd( 22) | 


where 


2P' 2, (cos a) 2 [Pos_i (cos a) — P24: (cos a)] 


~ 2s (28 +1) cosa (48+ 1) sin? a cosa 


pres8) irs 
Pie, I (s) r( 3 
=-F (1-2, 0+5)2,sinta) = r(24 Sn Dire: 1)T (k+2) 0 (s-h 


=a) a . 
,=8) (2-8) (s+a)(° +5) 
2 3 1 


9 sintat+--+-- 


(a) 


For accurate computation the polynomials C, for low orders of 3, 
(s -1, 2, 3, 4) may be computed conveniently by this formla, which 
gives the special cases 


C; (a) =1 
oe ae 4 
C,(a)=1-7 sin? a 
pe 33 . 
C; (a) =1 5 sin? a+ g sin‘ a 
33 ee 


Y i a taal an one ata 
O,(a) =1 4 sin? a+ g Ssin'a—Gzy sin’ a 
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For large values of s the values of C, might be more readily ob- 
tained (with sufficient accuracy) by interpolation from a table or 
curves for zonal harmonies or their derivatives. 


VI. THE TORQUE ON THE INNER SOLENOID 


If the two solenoids carry currents J, and J;, respectively, the couple 
or torque 7’, on. the inner one, tending to decrease @ is found from 
(35) to be 


5M 6M 
P=—hh ahh =, (37) 


T =4rn,/, (2bono12) ra? COS Q, sin 6 


om Ls 28 
,— S12 = ap * Cs (a1) Cs41( 2) P' ser (u)(*) | 





es : : T : F 
This torque is a maximum TJ, when @=5) and »=0, in which case 


2 


r(s+5) 


P'sess (0) “<7 (1 ea 


7; =4rn, 1, (2b.n2I2) Ta? COS Q 


3 
. , sin’ ge cos? sae 1)**"0, (a1) Cys (a2) " Mea) am =)" (38) 


eee ye COS Q@ (1 + S) 
where NoJ,=2b.n2J,= total current circulating around the inner sole- 
noid, and where 


S=sin? a; cos a YX — 3 (2)" 
1 fm r) (39) 


O(a) Con (od (843 )(Saspe 


In equation (38) the factor 4xn,J, represents the uniform field which 
would exist if the outer solenoid were infinite in length. Hence, the 
factor cos a,(1+ 8) is the end-correction factor, which reduces to 1 
when a, =0; that is, when the outer solenoid is infinitely long. 

In case this solenoid is 100 cm long and 30 cm in diameter, cos 
a, =0.957826. If the length and diameter of the inner solenoid is 10 
cm, then S =0.000054, so that the end correction factor cos a,(1+ 8) = 
0.957879, showing that the torque on the inner solenoid is about 4 
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per cent less than if the outer one were infinitely long. Evidently 
the small solenoid lies in a field which is practically uniform in this 
case. 


1. CORRECTION FACTOR WHEN INNER SOLENOID IS A SINGLE LAYER 
HELICAL WIRE OF RADIUS p, 


If the inner solenoid (lying in a uniform field 4 rn,J,) be not a con- 
tinuous-current sheet as previously assumed, but consists rather of 
any number of strips or rings of no cross section, the torque upon it 
remains the same as before if their radii remain the same and the total 
current N./, be the same. The torque on each ring is unaltered by 
giving it a parallel displacement. Hence, it is evident that in those 
cases where the inner solenoid lies in an approximately uniform field, 
but consists of N, circular turns of mean radius d2, whose circular 
cross section is p2, the factor ra,” which occurs in (38) must be replaced 
by Sat Seas where the integration is taken over the circular sec- 
tion of the wire of radius p2 whose center is a distance a2 from the axis 
of the solenoid, and where a is the distance of any point in this sec- 
tion from that axis. (This assumes uniform current distribution 
over the section of the wire.) For a circular section 


v d py 
, a’dS = ra,"*( 1+ 5 
Tp” SS — ¥ ( £5) 


Hence, when the inner solenoid consists of N2 parallel circular rings 
of wire, of mean radius 2, with wire section of radius ps, it experiences 
a torque 


9 


T =49n, I, raz" (N12) (1 + f,) cos a (1+ 8) (40) 


The JN, parallel turns might be spaced irregularly in any manner 
without affecting the validity of this formula if the field 47n,J; is 
uniform as assumed. Moreover, since this field is perpendicular to 
the axis of the small solenoid, this formula for N, parallel circles 
could also be used for a helix of N, turns, since the torque due to the 
axial component of current in the helix could have no component of 
the type represented by 7. Furthermore, if the return lead wires 
of this helix lie in the vertical plane containing the knife-edge upon 
which the helix is balanced, they would contribute nothing to the 
component of torque about that knife-edge. 


2. FIELD OF AN ENDLESS HELICAL FILAMENT—UNIFORMITY OF 
FIELD WITHIN IT 


Although the lack of uniformity of the field of the outer solenoid 
over the space occupied by the inner one, may be small due to the end- 
correction factor cosa; (1+ 8) being very nearly unity, there will be 
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in any actual case another source of nonuniformity; namely, that 
due to the fact that the outer solenoid is not a current sheet but a 
helix. It is evident that if the number of turns per cm is large the 
field may be made very uniform over the region in which the inner 
coil lies, provided all parts of the latter are sufficiently distant from the 
windings of the former. What assurance have we that this condi- 
tion is realized in any actual case, and to such an extent that (40) may 
be regarded as a;precision formula? 

The answer may be found in an examination of the field within 
and near the first solenoid, when it is considered endless though not a 
current sheet but a helical current filament wound upon a cylinder of 
radius @,, Whose axis is the x axis. If any point in space P has the 
cylindrical coordinates z, r, 6 (where r is now its distance from the 
z axis) then the magnetic field at P is the curl of a vector potential A, 
and its cylindrical components are given by 


if6 5A, a 2 oe 
H,=; E (7A) * sg | He r 60 By a dl is = 
Let the number of turns of the helix be n; (not necessarily integral) 
and let the trace of this helical filament on the upper part of the 
plane z=0, for which y= +a, be the points whose zx coordinates 
. £3 a2 


=, (0 


are—- ©... . oa r—y—9-, .. +c. It may be shown 
nn nnn : 


that if r<a, 


@ 
1 ; oe ; 
A,=2Ilog = + 47 J, (2arnrki) Ay (22n,a,ki) cos k(2rn,x— 8) 
1 
k=l 


A, —_ 4rn 10, I, = y > [J a1 (2rmrki) Ay; (2rn,a,k2) 


k=1 


— Jy (2anyrki) Hy (24na,k2) | sin k (2rn,2—4)} (42) 


Ag = 4rn,a; Me + = ey [J +1 (2rnrki) Ax: (24n,a,k1) 
aU “~ 


— Jy_)(2anrki) Ay, (24n,a,k1)] cos k (2an,x— 8) } 


where H, denotes Hankel’s function of the first kind whose asymp- 
totic expansion when z is a large positive real is 


, 2 = 
W te —e€é =~ —i5 (k+1) 
A, ( ) V2: 2 
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‘The corresponding expansion for the Bessel’s function is 


et 1 f 
iJ, (ix) Z Joe HF etn 
Veter 


When the point is outside the helix, r>a,, the corresponding values 
of A,, A,;, Ag are obtainable from (42) by interchanging a, andr 
where they occur inside the braces. These exact expressions may be 
simplified, and, in fact, the series may be summed, in case the num- 
ber of turns m, per cm of the winding is sufficiently great, and the 
radius a, of the winding so large that 2rn,q, is large enough to make 
the foregoing asymptotic expansions valid. In this case (42) reduces 
in case r is slightly less than a, to 


A,=21, {log 1-108 ¥_ y_| 
(Pay Aen Jar 
A,=0 
log y 
A,=4 amhic-- =! |! 
. _— ‘| 2a, 4an,Vayr 
where 
y= 1—2e-2*™ @—*) cos (2rnyx— 8) +e—47™ -) (44) 


For outside points (r>a,) the quantities a, and r must be inter- 
changed in (44) and within the braces of (43). If e-?*™@:-") is very 
small one finds from (43) and (44) the approximations for ra, 


wat 1  e~27m (-r) eos (2rn,x— 8) 
= ) ae ————s ~ 
A,=2/, log ‘ 4 — See 
A,=0 


wil fr, em? cos (2rne— 8) 
nella ict | 2a, . 204d; 


This gives for the field components 
H,=4rnmt, {1 +e-7™ @— cos (2rn,x2—6) } 
H, =42m,1, e~7™ @—-) gin (2rn,x2—6) 


H,= —2h e—2m (1—-") Cos (2rmx2—8) 
In case 2:23, a,25 cm, then 2rn,a,; is approximately 100, and the 
asymptotic expansion may be used to obtain a good approximation. 
An inspection of (45) shows that the nonuniform component field will 
be less than one-millionth of the uniform value provided 2rn,(a,~") 
=15, which would be the case if a,—-r=1 cm, so that in this case the 
assumption that the field is uniform is amply justified. 
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VII. SUMMARY 


The formula (35) gives the mutual inductance of the two concen- 
‘ric solenoids shown in Figure 1, where m and nz are the number of 
turns per em and yp is cos 6, 6 being the angle between their axes. 
The formula presumes a strip winding so that the solenoids consti- 
tute current sheets in which the axial component of current is neg- 
lected. d, is the radius of the outer solenoid, 2 6, is length, and 
2 a, the angle subtended at the center by its end diameter, and 2 7; 
ihe diagonal of a principal section. The inner solenoid is character- 
wed by the similar quantities a2, bz, a2, and rp. 

The torque in the inner solenoid is given by equation (37) in gen- 
eral, and by equation (88) when the axes are perpendicular. The 
latter expression is modified in equation (40) to take account of the 
finite cross section and discrete nature of the windings of the inner 
solenoid. The effect of the discrete nature of the windings of the 
outer solenoid is investigated in VI, 2, and is found to be negligible 
for certain relative dimensions of the two solenoids. 


WasHinGTon, April 26, 1928. 
* 
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A STUDY OF THE HYDROGEN-ANTIMONY-TIN METHOD 
FOR THE DETERMINATION OF OXYGEN IN CAST 
IRONS 





By Bengt Kjerrman and Louis Jordan 


ABSTRACT 






A comparison of the vacuum fusion and the hydrogen-antimony-tin reduction 
methods for the determination of oxygen in cast-iron samples indicated that it 
is very important that lump samples rather than milled samples be used in either 
method in order to avoid erroneous results for oxygen due chiefly to the adsorp- 
tion of air and moisture on milled samples and, in a lesser degree, to surface 
oxidation. 

Within the precision of the method—namely, about 0.006 per cent oxygen— 
the hydrogen reduction procedure gave the same values for oxygen in cast-iron 
samples as the vacuum-fusion method. The precision of the latter method, 
however, was of the order of 0.001 per cent oxygen. For application to cast 
irons containing oxygen within the range of the samples used—namely, from 
0.01 to 0.04 per cent—the vacuum-fusion method is to be preferred on the basis 
of its greater precision. 

The complexity of the ‘‘blank’’-corrections necessary in the application of the 
hydrogen reduction method to high-carbon iron alloys is pointed out and 
discussed. 

The limitation of the hydrogen-antimony-tin method to low silicon materials, 
said to be necessary in the case of low-carbon iron alloys, appears not to hold 
in the case of high carbon alloys where the carbon plays a greater part than the 
hydrogen in the reduction of the oxides in the sample. 
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I. INTRODUCTION 


The investigation described in the present report was undertakey 
in 1925 as a portion of the work on gases in metals which was carried 
out at the Bureau of Standards under a research fellowship of the 
Swedish Engineers’ Academy of Science (Ingeniors Vetenskaps 
Akademien). The object of the research was to study the application 
to cast irons of the ‘‘hydrogen-antimony-tin” method ! for the deter. 
mination of oxygen and to compare the results given by this method 
with those given by the vacuum-fusion method generally used in the 
bureau’s laboratories. 

Oberhoffer* has briefly and clearly traced the evolution of the 
hydrogen-antimony-tin method from the original Ledebur method, 
Following the early modifications of the original Ledebur procedure, 
which were attempts to increase the accuracy and decrease the 
time required for the determination, it was shown that by changing 
the temperature of the reduction from 950° C. to above 1,200° C. 
the amount of oxygen found in a given steel was increased. This 
increase in operating temperature, however, introduced new difl- 
culties and led to the addition of antimony and tin to the steel sample 
in order to lower the melting point to a range in which readily avail- 
able refractory tubes and furnaces were serviceable. It appeared 
that the reduction of manganous oxide was aided by the addition of 
antimony and tin, and that a partial reduction of ferrous silicates 
was also secured. 

However, further study of the method showed that the presence of 
carbon in the sample caused an error, in that a very considerable 
reduction of the oxides in the sample by this carbon took place, 
with the evolution of large proportions of the oxygen as carbon 
dioxide and carbon monoxide, gases which were not determined in 
the regular procedure. Thereupon the method was modified’ 
to provide for the recovery of carbon dioxide and carbon monoxide 
in addition to water vapor. The conclusions were, however, that 
the modified method was very complicated, and that the simple 
hydrogen-reduction method (in which there is the addition of an 
alloying metal or metals and the recovery only of water vapor) was 
best retained, with the understanding that it was applicable only to 
samples low in carbon and not containing any considerable amounts 
of difficulty reducible oxides, such as silica and alumina. 





1J. Keutman and P. Oberhoffer, “II. Bestimmung des Sauerstoffs nach dem Wasserstoffverfahren 
unter Zuschlag von Zinn-Antimon-Legierung,”’ Stahl und Eisen, 45, pp. 1557-1559; 1925. 

2 P. Oberhoffer, “‘Sauerstoff im Eisen,’ Stahl] und Eisen, 45, pp. 1379-1384; 1925. 

3 P. Oberhoffer, E. Piwowarsky, A. Pfeifer-Schiess] and H. Stein, “‘Ueber Gas und Sauerstoffbestim- 
mungen im Ejsen, Insbesondere Gusseisen,”’ Stah] und Eisen, 44, pp. 113-116; 1924. 
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Very recently, and since the completion of the experimental 
work to be described in this report, Thanheiser and Miiller * and 
Bardenheuer and Miller > have published two papers dealing with 
the limitations of the hydrogen reduction method. Thanheiser and 
Miller stated that the hydrogen-reduction method, using antimony 
alone as the alloying addition, is further limited to low-carbon 
irons containing little or no silicon. This, they indicate, is be- 
cause during the determination, ferrous and manganous oxides are 
in large part reduced by the silicon in the steel with the forma- 
tion of silica. The oxygen thus combined with silicon escapes 
determination. Even with as little as 0.05 per cent silicon in a 
steel containing 0.02 per cent carbon, less than 50 per cent of the 
0.03 per cent oxygen present in the sample was found by the hydrogen 
reduction method. Bardenheuer and Miller add to these limitations 
the requirement of a low phosphorus content. 

Oberhoffer and his collaborators ® have considered that the modi- 
fication of the hydrogen-antimony-tin method, which provides for 
the recovery of carbon dioxide and carbon monoxide, yields accurate 
results for oxygen in high-carbon alloys. On account, however, of 
the complicated train and procedure required in this method, they 
state that it is best to resort to a vacuum-fusion method for determin- 
ing oxygen in a high-carbon iron alloy. 

In the present work it was desired to study critically the hydrogen- 
antimony-tin method as applied to a high-carbon iron alloy, specifi- 
cally cast irons, with suitable provision for recovering carbon dioxide 
and carbon monoxide in addition to the water vapor, and to compare 
such a procedure with the graphite-crucible vacuum-fusion determi- 


f nation of oxygen as applied to the same iron samples. 


II. CAST-IRON SAMPLES 


The material upon which the analyses were made was a pig iron 
of the following composition as represented by a single vertical cross- 
section slice (slice No. 3): 


Per cent 
eta A Rl Is lille RES se BS a Senn 3. 68 
BIEL. Cc Sn eee tee ene wos . 73 
Pea Os, Bees ae or zuekS 115 
SE ee eee . 038 
Pe ae a i ec ieswaws 1. 31 


All samples were taken from a single pig, designated as No. 4, 
which was cut into a number of vertical cross section slices, each 





‘G. Thanheiser and C. A. Miiller, “Der Einfluss des Siliziums auf die Sauerstoffbestimmung im Was- 
serstofistrom,”’ Mitt. Kaiser-Wilbelm Inst. Eisenforsch. Diisseldorf, 9, pp. 211-213; 1927. 

*P. Bardenheuer and C. A. Miiller, “Einfluss einiger Begleitelemente des Eisens auf die Sauerstoff- 
bestimmung im Stahl nach dem Wasserstoffreduktionsverfahren,” Archiv. Eisenhiittenwesen 1, pp. 
707-709; 1928. 

§ See footnote 3. 
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about 10 mm thick. These slices were numbered consecutively froy 
one end of the pig. Thus, ‘4-3’ indicates the third slice of the No, 
pig. The location of the samples in the cross-section slice wa 
designated by the letters a, 6, and c, as shown in Figure 1. 

At the conclusion of the work analyses were also made on a special 
cast iron containing high manganese and silicon. 


Ill. OXYGEN CONTENT OF CAST FRONS BY THE VACUUy. 
FUSION METHOD 


The vacuum-fusion method for oxygen, as described by Jordan and 
“ckman,’ was employed for determining the total oxygen content 
of the pig iron. The results obtained by Jordan and Eckman iy 
their development of this method indicate that it should yield the 
oxygen present in a ferrous alloy, including that combined as silics 
or as manganous oxide. Further, the presence of large amounts of 
carbon in the iron sample is an essential factor of the vacuum-fusion 
method and should be expected to cause no interference, as in the 
case of the hydrogen-antimony-tin method. The vacuum-fusio 
method should, therefore, be suitable for the determination of oxygen 
in cast-iron samples.* The blanks determined for the vacuum-fusion 
analyses are given in Table 1. 


TaBLE 1.—Blanks for vacuum-fusion method 





a Oxygen | Hydrogen 
Test No. | blank | blank 





g 
0. 0048 


- 0052 
- 0046 


- 0048 

















In order to test the performance of the entire apparatus befor 
starting the analyses of the pig-iron sample, duplicate determination 
were made on a pure iron ingot, made from electrolytic iron, the oxygen 
content of which had previously been determined by the vacuun- 
fusion method to be 0.14 per cent. The new determinations gave 
0.124 and 0.116 per cent, an average of 0.120 per cent. 





7? Louis Jordan and James R. Eckman, Gases in Metals: II. The Determination of Oxygen and Hyd 
gen in Metals by Fusion in Vacuum, B. 8S. Sci. Paper No. 514; 1925. 

8 Recent results obtained in the course of the modification and improvement of the vacuum-fusion metho 
have indicated that the gases delivered to the gas analysis train from the fusion of ferrous materials conta: 
ing free manganese may not be a true measure of the total oxygen content of the sample. 
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1, LUMP SAMPLES aH 





from 
No, 4 


Was 


The analyses of lump samples of pig iron No. 4 were then made, 
ith the results given in Table 2. i} | 






ecial TaBLE 2.—Ozxygen in pig iron No. 4 by vacuum-fusion analysis of lump sample ; a 





<b SCONES t 





Blank corrections Corrected values 
was Total Total | : 3 r : 
o f 
































































UM. Pig-iron sample No. : aves “fs pe ; i : 
sample oun ound | a } ydro- ae Hydro- f 
¢ | Oxygen | gen Oxygen gen ; 
{ SA Ae et ae PS ‘i 
| all g g g g | g Per cent | Per cent . & 
te 4-2-2 a ak el eal 28. 24 0. 0066 0. 00038 0.0048 | 0. 00042 J |) ale a5 
UCL HRI y-9-2 see OR are 0074 | 00047 0048 | ..00042 . 008 0. 0002 tf 
+ 4-0-3. oe See vet 38. 75 . 0074 . 00049 . 0048 . 00042 . 007 - 0002 ki ; 
Nn ih 4-0-3 phecses 31. 90 . 0078 . 00051 . 0048 . 00042 . 009 . 0003 s | 
the 4-¢-3 | 35.04 . 0039 .00030 | 1.0017) 1.0002 . 006 . 0002 ft 
ie us % 
ili i BN eee oe 30. 76 . 0034 . 00025 . 0012 . 0001 . 007 . 0002 h 
L1Ca BR 03 30. 17 0057 |. 00035 0010 | ..0002 015 - 0005 
i ee eee er er Scie 25. 85 . 0054 . 00032 . 0012 . 0002 .014 . 0005 
8 01 RBAR icc. bdo eee See 41.77 .0048 | .00024 .0006 | . 0001 . 010 . 0003 b 
sion 4-b-3.. : | 41.15 . 0061 - 00035 | .0010 | . 0001 013 . 0005 tf 
S1UL | 
the 1'The last 6 determinations listed in this table were made by an improved form of the vacuum-fusion 
sion method in which the magnitude of the blank has been materially reduced. 






The analyses originally made were only those on the 4—a-2 and 
4-0-3 samples. (Fig. 1.) Subsequently, additional determinations 
were made on four samples cut from the ‘‘c”’ section of the third slice 
of pig iron No. 4 (the 4-c-3 samples) in the position indicated by the 
dotted lines on section ‘“‘c” in Figure 1. Unfortunately, the rela- 
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Fia. 1.—Location of analytical samples in cross section 
of pig iron No. 4 





tive positions of these four samples were not recorded. Two 
of the four samples checked the oxygen result obtained on the 
“a” samples of slices 2 and 3, giving 0.006 and 0.007 per cent 
és compared with an average of 0.008 for the four ‘a’ 
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a’’ samples. 
The other two samples, however, were very much higher in oxygen; 
namely, 0.015 and 0.014 per cent. Two additional analyses made on 
samples from the “‘b”’ section of slice 3 gave 0.010 and 0.013 per cent 
oxygen. It thus appears that appreciable segregation of oxygen 
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occurred near the bottom of the “c” section in each cross-section 


slice of the pig. The milled sample of this pig iron, which was subg. 
quently used in analyses both by vacuum-fusion and by hydrogen. 
reduction methods, was the entire “‘c” section of slice 2. The true 
oxygen content of this section is then to be considered as the average 
of the vaccuum-fusion analyses of the four 4-c-3 samples of Table 2 


namely, 0.011 per cent oxygen and 0.0004 per cent hydrogen. 
2. MILLED SAMPLES 


It has apparently been the usual procedure to use a milled sample 
in those methods for determining oxygen in iron and steel which are 
dependent on reduction by hydrogen. Eckman, Jordan, and Jominy: 
have pointed out that the use of a finely divided form of a cast-iron 
sample leads to very large errors in determining oxygen by the vacuun- 
fusion method. Presumably such errors are due to surface oxidation 
of the chips or to adsorption of moisture or of air. Oberhoffer and 
Keutmann ” have also found differences of from 0.02 to 0.03 per cent 
oxygen between lump and milled samples in analyses by the hydrogen- 
reduction method. 

The 4—c-2 sample of pig iron No. 4 was cut on a milling machine at 
a very slow speed and also with extreme care to prevent any contact 
of oil with the milled sample. The millings were not washed in any 
way. Portions of this 4-c-2 sample, after thorough mixing, were 
taken for analysis by the vacuum-fusion method. The first three 
analyses gave values for oxygen of from 0.05 to 0.06 per cent as com- 
pared with 0.011 per cent obtained on lump samples of the correspond- 
ing 4-c-3 iron, and also from 0.001 to 0.003 per cent hydrogen as 
compared with 0.0004 per cent hydrogen in the lump samples. 

If we consider that this excess of oxygen and hydrogen shown by 
the analysis of milled samples over that shown by analysis of lump 
samples is due chiefly to the adsorption of moisture and air on the 
milled samples, then by subtracting from the results obtained on the 
millings the total oxygen and hydrogen shown by the lump sample 
we shall obtain the total adsorbed oxygen and hydrogen, including 
also oxygen due to surface oxidation. The weight of this excess 
oxygen should be at least eight times that of the adsorbed hydrogen 
(since the increase in hydrogen must be due to adsorbed water) and 
any oxygen in excess of the hydrogen equivalent should represent 
adsorbed air and surface oxidation. Such calculations are given 
below in Table 3 for eight analyses on the milled sample and taking 
0.011 per cent oxygen and 0.0004 per cent hydrogen as the true values 
for those gases in the 4—c-2 pig-iron sample. 





® J. R. Eckman, Louis Jordan, and W. E. Jominy, “The oxygen content of coke and charcoal cast irons,’’ 
Trans. Am. Foundrymen’s Assoc. 33 p. 431; 1926. 

10 P. Oberhoffer and J. Keutmann, “Zur Bestimmung des Sauerstoff im Eisen; Wasserstoffverfaliren,” 
Stahl und Eisen, 46, pp. 1045-1046; 1926. 
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TaBLy 3.—Adsorbed oxygen in milled sample of pig iron No. 4-c-2 





Total gases from Estimated adsorbed 
Weight milled chips oxygen 
| Date of analysis 


sample | Vy, ee ee y a i F 
Hydrogen | As water| As air 





hi Per cent | Percent | Percent | Per om 
Sept. | 0. 046 0. 0030 0. 021 
Sept. 5. 05 - 060 . 0029 ‘ 9 
ge | SN ae L . 063 . 0012 ; . 046 
I a iis b . 080 . 0029 ‘ . 049 
28 . 070 . 0024 . 016 . 043 
q - 091 . 0039 028 | . 052 
re ee ee seal . . 076 . 0020 - 01 . 052 


| 
Fs 
| 
| 























The milled sample of pig iron 4—c-2 was cut on the day preceding 
the first analysis listed in Table 3. The remaining analyses followed 
on the dates indicated in the table. 

The total oxygen obtained from the milled samples by the vacuum- 
fusion procedure was from 0.05 to 0.09 per cent, some four to eight 
times the true oxygen content of the pig iron as shown by vacuum- 
fusion analyses of lump samples. Of this amount the oxygen adsorbed 
as water was calculated to be from 0.02 to 0.03 per cent and that 
as air from 0.02 to 0.05 per cent. 

Oberhoffer and E. Piwowarsky " have also lately shown that their 
vacuum-fusion procedure gave an oxygen value on millings of cast 
iron of from two to four times that obtained with lump samples. 

The true oxygen content of the lump samples of pig iron 4-c-3 
was therefore fixed by the vacuum-fusion method as 0.011 per cent. 
For the milled samples taken from the second slice at the corre- 
sponding position (4—c-2) the total oxygen content, including adsorbed 
air and moisture, was shown by the same method to be six times the 
true value; namely, 0.07 per cent. 


IV. OXYGEN CONTENT OF CAST IRONS BY THE HYDRO- 
GEN-ANTIMONY-TIN METHOD 


1. APPARATUS 


A diagram of the apparatus assembled for carrying out the hy- 
drogen-antimony-tin reduction method is shown in Figure 2. A 
cylinder of hydrogen is connected to the train through stopcock A; 
Bis an open-end manometer for indicating the pressure of the incom- 
ing hydrogen and is also used for testing the tightness of the train; 
Cis a bubble tube and guard tube containing sulphuric acid to 
indicate the rate of flow of the incoming gas; D is an electric resistance 
furnace operated at about 800° C. to heat a silica tube filled with 





P 1 P. Oberhoffer and E, Piwowarsky, ‘‘ Ueber den Sauerstoff im Roh und Gusseisen,”’ Stahl und Eisen, 
7, p. 521; 1927, 











iio ae Be OG IEE 
SNM Ce RR aan cay saa a Bic 








708 Bureau of Standards Journal of Research [Volt 


copper chips. This furnace was designed to convert to water Vapor 
the traces of oxygen in the hydrogen gas. The absorption tube F 
contains phosphorus pentoxide for absorbing water vapor formed jn 
the catalyst furnace D. The three-way stopcock F permits the 
sweeping out of the train up to the furnace G with oxygen-free 
hydrogen before admitting the hydrogen to the furnace. The 
platinum wound electric resistance furnace G heats the porcelain 
(sillimanite) tube which contains the sample boat and sample. The 
weighed absorption tubes J and J contain, respectively, phosphorus 
pentoxide, for the absorption of water vapor, and ascarite, which js 


D 
| A 
B <>") HYOROGEN 


CYLINDER 

















Fia. 2.—Diagram of apparatus for the determination of oxygen in cast irons 
by the hydrogen-antimony-tin method 


guarded at each end with phosphorus pentoxide, for the absorption 
of carbon dioxide. The U-tube at K contains iodine pentoxide 
heated in an oil bath to 150° C. for the oxidation of carbon monoxide 
to carbon dioxide. The oil bath contains a thermometer and a 
stirring rod, as indicated. The trap M is to guard against any of 
the solution in N passing back into the tube K. The wash bottle 
N contains an aqueous solution of potassium iodide (2 g of KI in 
180 ml water) for the absorption of free iodine evolved from the 
tube KX by the oxidation of carbon monoxide. Tubes O and P contain, 
respectively, sulphuric acid and phosphorus pentoxide for the pre- 
liminary and final drying of the gas which passes through the potas- 
sium iodide wash solution in N. The weighed absorption tube Q 
contains ascarite and phosphorus pentoxide for the absorption of 
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carbon dioxide formed by the oxidation of carbon monoxide from 
the sample. The open-end manometer following Q and the bubble 
tube and guard tube # indicate the pressure and the rate of flow of 
the hydrogen gas at the exit end of the train. 


2. ANTIMONY-TIN ALLOY 


The antimony-tin alloy used for mixing with the iron samples was 
prepared by melting equal weights of antimony and tin in an Acheson 
eraphite crucible in a high-frequency induction furnace. Graphite 
powder was sprinkled on the surfaces of the melt. The alloy ingot 
was machined on the lathe to a clean cylinder of metal and then 
crushed in an iron mortar. The crushed alloy was cleaned with 
alcohol and ether, and that portion passing through a 6-mesh but 
retained on a 10-mesh screen was preserved for use in a glass bottle 
with ground stopper, but without the use of any lubricant on the 


ground surfaces. 
3. DETAILED PROCEDURE 


The analyses for oxygen in the pig-iron samples by the hydrogen- 
antimony-tin method were made generally on 5 g samples of the iron 
with 10 g of the antimony-tin alloy, heated at 1,200° C. The sam- 
ple, with the antimony-tin alloy, was placed in an alundum boat 
which had previously been heated in hydrogen. This boat and its 
contents were placed at the middle in the porcelain tube within 
furnace G. (Fig. 2.) The temperature of the section of the porcelain 
tube occupied by the boat was determined by means of a platinum, 
platinum-rhodium thermocouple’ whose hot junction was placed 
between the porcelain furnace tube and the outer alundum core 
which supported the platinum furnace winding. 

It is of the utmost importance that no oxygen, either from the air 
or from impure hydrogen, shall at any time enter the porcelain tube 
of furnace G. In order to prevent such entrance of oxygen it is best 
to maintain between runs a pressure of hydrogen within the porcelain 
tube slightly above atmospheric pressure, or still better, to maintain, 
if possible, a very slow stream of hydrogen (about 15 bubbles per 
minute at ©) through the train as far as stopcock H and keep the 
furnace G at its operating temperature. The hydrogen escapes into 
the air at stopcock H. 

When it is necessary to allow furnace & to stand with no stream of 
hydrogen flowing, stopcocks F and H should be closed when the tem- 
perature of the furnace is as low as possible and with the hydrogen 
pressure as high as possible. A new determination must then be 
begun by sweeping hydrogen through the cold furnace D and the 
train up to stopcock F, where the gas escapes into the air. Only after 
furnace D has been heated at its operating temperature for several 
minutes is the hydrogen stream turned into the sample furnace G. 

111999°—28——2 
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While the train is being swept out, the three absorption tubes, 
I, J, and Q, are filled, their surfaces cleaned with ether, and thoy 
weighed. While waiting for the tubes, hanging in or near the balance 
case, to come to constant weight the potassium iodide solution in \ 
is changed. This renewal of the potassium iodide solution is necessayy 
before each run in order that the concentration of free iodine in the 
solution shall be kept as low as possible. The ground-glass stopper 
of bottle N is lubricated with moist phosphorus pentoxide. A solid 
cake of moist phosphorus pentoxide put on the finger and rubbed 
over the ground-glass surface served better than phosphorus ‘pentoxide 
moistened to a sirupy consistency. The stopcock L, both stop. 
cocks of tube O, and the stopcock of tube P next to O are all lubri- 
cated with moist phosphorus pentoxide. Ordinary stopcock grease 
is not permissible in these locations because of reactions with iodine 
vapors, causing the formation of products which are taken up in 
tube Q and will be mistaken for carbon dioxide resulting from carbon 
monoxide derived from the sample. Stopcocks thus lubricated with 
rather viscous phosphorus pentoxide paste are best lifted very 
slightly from their seats when they are turned. If they are pressed 
into their seats on turning, the lubricated joint often is not tight. 

The ground-glass connections of tube Q and that of tube J next 
to K are not lubricated. These connections must be very carefully 
ground and may be held firmly pressed together by rubber bands. 
The use of a grease lubricant at these points must be avoided becaus’ 
of the reaction with iodine vapors mentioned above. The use of the 
phosphorus pentoxide lubricant was not convenient on the type of 
tube connections employed because of its accumulation in the open 
end of the train during the repeated inserting and removal of th 
tubes. All other stopcocks and ground-glass connections are lubri- 
cated with a medium hard stopcock grease made of vaseline, crude 
rubber, and paraffin. 

When the absorption tubes have been weighed and the sample 
and antimony-tin alloy weighed out, the cap of the sample furnace 
tube is removed at the de Khotinsky seal (the cap next to stop- 
cock H) while the flow of hydrogen through the furnace is increased 
25 to 50 per cent over the normal rate of about 80 bubbles per minute 
at C (approximately 1.85 liters per hour). 

The boat containing the antimony-tin-iron alloy from the previous 
run, is then removed from the furnace tubes by means of a hooked-end 
wire and metal tweezers. The fused sample is then removed from the 
boat and the latter carefully and thoroughly brushed with a stifi 
bristle brush to remove as much of the fine graphite powder as possible. 
If the boat is not brushed quite free of graphite each time, an abnor- 
mally large amount of carbon monoxide will be indicated by th 
gain in weight in the third absorption tube in the next succeeding 
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run. This is caused by an increase in the “hydrocarbon blank.” 
(See IV, 4, (d).) 

The cleaned boat containing the new sample and antimony-tin 
alloy is put back at the middle of the furnace tube. The cap is then 
resealed to the furnace tube and the weighed absorption tube J put 
in place while the hydrogen is still flowing and with the stopcocks of 
tube Jopen. Then by closing the stopcock at the exit end of tube J 
the train is tested for tightness up to this point. Tube J is then put 
in place and the ungreased ground-glass joint at the exit end of tube 
J is wound tightly with a thin rubber strip (such as a strip cut from 
a toy balloon). The train as far as the outlet stopcock of tube P is 
now tested for leaks by determining if it will hold a pressure of 
hydrogen equivalent to about 40 mm of mercury in manometer B. 
If the train is free from leaks, the stopcock at the outlet of tube P is 
opened and the hydrogen is passed through the train at the regular 
rate (1.85 liters per hour). The gas burner for heating the oil bath, 
which surrounds tube K, is now lighted. After the gas has passed thus 
for one-half hour and the oil bath has reached 150° C. the third 
weighed absorption tube Q is placed in the train and the current is 
turned on in the sample furnace @. 

In all the runs the sample furnace was brought from room tem- 
perature to 1,200° C. in approximately two hours. The duration of 
the run is taken as the time the sample was held at the full temperature 
of 1,200° C. after the two-hour period required to first reach that tem- 
perature. The minimum length of run required for complete recovery 
of the oxygen determined by this method in any particular class of 
material was estimated by making runs of increasing lengths of time 
on similar samples. 

In Table 4 are given the results of seven analyses on milled samples 
of pig iron 4—c—2 in which the duration of the heating at 1,200° C. 
was varied from 0 to 3 hours. Runs 21, 29, and 47 were made by 
heating the sample up to 1,200° C., stopping the run as soon as the 
sample and furnace had just reached that temperature; that is, 
approximately two hours after the start of the heating from room 
temperature. 


Taste 4.—Recobery of oxygen as influenced by duration of heating of sample at 


Duration 


of heating Oxygen 


Run No. found 


at 1,200° C. 


— 


Hours 
0 
0 
0 
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The values for oxygen shown in Table 4 indicate that not less thay 
two hours heating of the sample at 1,200° C. is necessary for the recoy- 
ery of all the oxygen determinable by this method. Accordingly, 4 
determinations were made with at least a two-hour heating period. 
and when working with lump samples the heating period was increased 
to two and one-half hours. 

After a run is completed and the absorption tubes J, J, and Q ar 
removed, air purified by passing through phosphorus pentoxide and 
ascarite is passed through each absorption tube for one minute (at a 
rate of about 3 liters per hour) in order to replace the hydrogen, 
Tube J should be swept free of hydrogen by passing the air through 
it in the direction opposite to that of the flow of hydrogen through the 
tube as placed in the train on account of the danger of traces of mois. 
ture having condensed in the arm of the tube next to tube J if, as was 
the case in the train employed, it is necessary to unseal with a hand- 
torch flame the de Khotinsky cement joint between / and J. All 
three tubes are again carefully cleaned with ether and weighed. 


4. BLANKS 


It was soon evident that in the hydrogen antimony-tin method of 
determining oxygen in cast irons there were many sources of oxygen 
or of other gases which might be absorbed in the weighed tubes and 
mistaken for oxygen. These sources may be enumerated as follows: 

(a) The oxygen from the sample; the value it is desired to obtain. 

(b) Oxygen from air or moisture adsorbed on the alundum boat 
during the loading of the sample and any oxygen from the reduction 
of oxides of which the boat is made. 

(c) Oxygen from oxides in and air adsorbed on the crushed anti- 
mony-tin alloy. 

(d) Hydrocarbons formed from the action of hydrogen on carbides 
or free graphite. Such hydrocarbons apparently react to some ex- 
tent with the iodine pentoxide yielding oxidation products which are 
recovered in the weighed tubes but which do not represent oxygen 
derived from the metal sample. 

(e) A possible small but continued reduction of the oxides of the 
alundum boat even after adsorbed air has been removed. 

(f) A possible small but continued reduction of oxygen in the 
antimony-tin alloy after adsorbed air and surface oxidation of the 
crushed alloy has been removed. 

It thus became necessary to make four distinct kinds of runs for 
each sample of different composition or of different form—that is, 
millings or lump sample—or of different weight or ratio of sample to 
alloy. These four types of runs are designated as— 

1. Beginning sample run (BSR). 

2. End sample run (ESR). 





Kjarman) 
Jordan 


Oxygen by Hydrogen-Antimony-Tin 


3. Beginning blank run (BBR). 

4, End blank run (EBR). 

A “BSR” value is obtained according to the regular procedure as 
described for a typical determination, opening the sample furnace and 
placing a new sample and portion of alloy in a boat previously used 
for several runs. Such a run, therefore, includes the oxygen from 
the sources designated above as a, b, c, and d. 

An “ESR” value is obtained by the regular heating period on a 
boat, sample, and alloy remaining from a “BSR” determination 
without, however, opening the sample furnace tube between the two 
runs. This run then includes the oxygen from sources designated 
above as d, e, and f. 

The “BBR” value is obtained by making a regular run opening of 
the furnace tube but putting the proper weight of antimony-tin alloy 
only in the boat, omitting the sample. Such a run gives the combined 
values of oxygen from b and c. 

The “EBR” value is obtained by a run after the “BBR” determi- 
nation without opening the sample tube. This gives the combined 
values for oxygen from e and f. 

Then, since 

BSR=a+b+ce+d 
ESR=d+e+f 
BBR=6b+c 
EBR=e+f 
BSR + EBR — BBR — ESR = (a+ b4+¢+d)+ (e+f)—(6+e)—(d+e+/) 
=a, the oxygen content of the sample only. 

Many preliminary blank runs were made to develop the technique 
of the method and to indicate the complexity of the blank. It was 
in the course of this preliminary work that it became evident that 
wash bottle N and drying tubes O and P were needed between the 
iodine pentoxide tube’ and the third absorption tube in order to pre- 
vent iodine from passing into the absorption tube; that all traces of 
oxygen must be kept from entering the sample tube of furnace @ at 
any time, even after the tube had cooled to room temperature, 
probably on account of the ready oxidation of antimony deposited 
from the vapor in the cooler portions of the tube. Such entrance of 
oxygen was guarded against by keeping the tube at all times full of 
hydrogen which had passed over hot copper chips and through 
phosphorus pentoxide. As a further precaution, the unsealing of the 
cap for opening the sample tube as well as the resealing after replacing 
the boat or boat and sample was carried out with a flow of pure hydro- 
gen through the sample tube, made at a sufficiently increased rate, 
so that the escaping hydrogen, when ignited by the flame of the torch 
used for softening the cement, should not burn back in the end of the 











714 Bureau of Standards Journal of Research (Vol 


sample tube. The early blank runs also showed the need for precis 
control of the temperature and of the duration of the runs. The need 
of conditioning a new alundum boat by repeated heatings in hydrogen 
at 1,200° C. or higher was also clearly demonstrated. 


5. APPLICATION OF METHOD TO CAST-IRON SAMPLES 


The results of the analyses of both milled and lump samples of 
pig iron No. 4 by the hydrogen-antimony-tin method are given in 
Table 5. The analyses on milled samples show, in the first place, that 
a heating period of two to three hours is required for complete reduc. 
tion, as has already been pointed out in a briefer summary of thes 
same analyses in Table 4. The analyses made with two and three 
hour heating periods gave for the oxygen content of the milled 
samples 0.10 to 0.12 per cent. These results are to be compared 
with the analyses listed in Table 3 where the average oxygen content 
of this same milled sample was found by the vacuum-fusion method 
to be 0.07 per cent. This latter value is to be regarded as including 
somewhat less than the total of the adsorbed air and moisture, since 
in the vacuum-fusion method the preliminary evacuation of the 
furnace tube containing the cold sample may well be expected to 
remove a portion of the less firmly held adsorbed air and water. 
This preliminary evacuation is carried out through a by-pass, and 
extracted oxygen or moisture is thus lost. On the other hand, in 
the hydrogen-antimony-tin method there is no preliminary evacuation 
when the sample is placed in the cold furnace. The stream of dry 
hydrogen immediately sweeps over the sample and into the first 
weighed absorption tube, where any more loosely adsorbed water 
will be recovered and so must appear as a part of the final result. 
Some of the adsorbed oxygen which is lost in the preliminary evacua- 
tion of the vacuum-fusion method may also be retained by the 
sample in the hydrogen-reduction method until the heating of the 
sample has progressed enough to bring about the reduction of the 
oxygen to water vapor. 

In the case of the analysis of milled samples of the pig iron, there- 
fore, the hydrogen-antimony-tin method, when carried out with due 
regard to the length of the heating period at 1,200° C., to the com- 
plexity of the blank correction, and with the technique as described, 
gave results for oxygen which were of the same order as those obtained 
by the vacuum-fusion method on the same milled sample. As was 
shown, however, in the preliminary analyses by vacuum fusion, the 
oxygen values obtained from milled samples are greatly in error, due 
to adsorbed moisture and air. The hydrogen-antimony-tin method 
must, therefore, be applicable to lump samples if it is to give the 
true values for the oxygen content of a cast iron. 
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The results of analyses made by the hydrogen-antimony-tin method 
on solid samples of pig iron 4—b-2 are given as runs 65, 67, 69, and 
71 in Table 5. These four analyses gave values of 0.020, 0.013, 
0.025, and 0.011, an average value of 0.017 per cent oxygen, to be 
compared with the average of 0.012 per cent oxygen obtained by 
the vacuum-fusion method on lump samples of 4—b-3 or with the 
average of 0.011. per cent oxygen, the average of lump samples of 
4-c-3. 

Finally, an analysis was made on a sample of a cast iron of high 
manganese and silicon contents (designated as iron “E’’) of the 
following composition: hats 

Carbon . 88 
Manganese . 29 
Sulphur . 047 
Silicon : . ries ae 

This iron showed an oxygen content of 0.043 per cent by the 
hydrogen-antimony-tin method using a lump sample. (Run 77, 
Table 5.) Three determinations by the vacuum-fusion method gave 
values of 0.038, 0.035, and 0.041 per cent oxygen for this same sample, 
or an average of 0.038 per cent. 

The hydrogen-reduction method thus gave results for oxygen 
slightly higher than the vacuum-fusion method when using lump 
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samples of both pig iron No, 4 and cast iron “ 
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V. SUMMARY 


A summary of the results obtained for oxygen by the two methods 
of analysis on both milled and lump samples of pig iron No. 4 and 
on lump samples only of cast iron “E”’ is given in Table 6. From 
this it is seen that both methods gave the same result on millings of 
pig iron No. 4, but that vacuum-fusion analyses of lump samples 
of this same pig iron proved that the determinations made by either 
method on milled samples were greatly in error, due chiefly to ad. 
sorbed moisture and air on the pig-iron millings. The analyses on 
lump samples of this same iron by the hydrogen-reduction method 
gave an oxygen content slightly higher, by approximately 0.005 per 
cent, than that indicated by the vacuum-fusion method. In the 
same way the hydrogen-reduction value for oxygen in cast iron “ER” 
was higher than the vacuum-fusion result, again by 0.005 per cent. 


TABLE 6.—Summary comparison of resulis for oxygen in cast irons 


; | Reduction by hydrogen at 1,200° C, Vacuum fusion at 
Sample No. Form of sample | with addition of antimony-tin 1,475° C. in graphite 





Per cent oxygen Per cent orygen 

.----| 0.11 (average of 3) 0.07 (average of 7). 
Co See | 0.017 (average of 4) 0.012 (average of 2). 
0.011 (average of 4) 
_.| 0.043 (single value) 0.038 (average of 3). 





The precision of the vacuum-fusion method, as indicated by the 
average deviation from the mean of either the blanks for oxygen 
listed in Table 1 or the last six blanks in Table 2 is 0.0003 g oxygen, 
or 0.001 per cent oxygen when using a 30 g sample. A similar 
calculation, based on the average deviation from the mean of the 
corrected values for oxygen for the first four vacuum-fusion analyses 
of Table 2 (samples in which segregation of oxygen in the pig iron 
does not enter), also indicates a precision of 0.001 per cent oxygen. 

If the precision of the hydrogen-reduction method is calculated as 
based on the deviation from the mean in blanks, it will be found that 
the average deviation from the mean of the net blanks of runs 69 
and 67 (Table 5) is 0.0003 g oxygen, equivalent to a precision of 
0.006 per cent on a 5 g sample; and that the average deviation in 
the case of runs 69 and 71 is 0.005 g oxygen, equivalent to 0.005 per 
cent on a 10 g sample. The precision calculated from the three 
determinations on milled samples (runs 55, 57, and 61, Table 5) 
also 0.006 per cent oxygen. An increase in the size of sample used 
is of less value in increasing the precision than might be expected, 
possibly due to the fact that the oxygen equivalent of the ‘BSR’ 
and “ESR” runs, as well as the value of the net blank, will increase 
with increase in weight of sample due probably to the increase in the 
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“hydrocarbon” blank caused by the greater amounts of carbides and 
free graphite for reaction with hydrogen. 

Within the precision of the hydrogen-reduction method, therefore, 
the agreement obtained between values on solid samples in runs 65, 
67, 69, and 71 is all that could be expected. The maximum range 
in these four determinations is 0.014 per cent. The average devia- 
tion from the mean is 0.005 per cent oxygen. The maximum differ- 
ence in results obtained by the hydrogen-reduction method in check 
determinations on the milled samples was 0.016 per cent. With the 
oxygen content of the milled samples at a little over 0.10 per cent 
this range was not high enough to make the agreement with vacuum- 
fusion values unsatisfactory. In the case of solid samples, however, 
containing approximately 0.012 per cent oxygen this same range in 
hydrogen reduction values is more noticeable and serious. 

A point of interest attaches to the results of this work in comparison 
with the results reported by Thanheiser and Miiller™ as to the 
influence of silicon on the determination of oxygen by reduction in 
hydrogen. These investigators found that only a small part of the 
oxygen in low-carbon iron alloys was obtained by the hydrogen- 
reduction method (alloying the sample with antimony only) when 
silicon was present in amounts of 0.1 per cent or more. The results 
of the analyses made in the present investigation indicated that the 
recovery of oxygen from a pig iron containing 1.31 per cent silicon 
and 3.68 per cent carbon was, at least, as complete as by the vacuum- 
fusion method. It is to be inferred, then, either that the presence 
of considerable amounts of carbon in the samples used in the present 
investigation have prevented the retention of the oxygen by the 
silicon in the sample, as experienced by Thanheiser and Miiller, or 
that the vacuum-fusion method may fall short of complete deter- 
mination of the oxygen in a high-carbon, high-silicon alloy to the 
same degree as the hydrogen-reduction method. The first explana- 
tion is more probably the correct one as is indicated by the results 
obtained by Oberhoffer, Piwowarsky, Pfeifer-Schiessl, and Stein * 
on the distribution of oxygen among the gases H,O, CO, and CO, 
evolved from ferrous alloys of various carbon content when subject 
to hydrogen reduction analyses. .They found that from steels of 
carbon content ranging between about 0.1 and 1.0 per cent from 
40 to 70 per.cent of the oxygen was evolved as water vapor and only 
25 to 30 per cent as carbon monoxide. When, however, the sample 
for analysis was a gray iron containing 3.26 per cent carbon, some 
80 per cent of the evolved oxygen was combined as carbon monoxide 
and only 12 per cent as water vapor. The reduction of oxides in 
the sample by carbon appears to play so large a part in the case of 





12 See footnote 4, p. 703. .4 See footnote 3, p. 702. 





























720 Bureau of Standards Journal of Research ray 


the cast irons used in the present investigation as to make pop. 
applicable the limitation of the hydrogen-reduction method which 
was found by Thanheiser and Miiller to apply in the case of loy. 
carbon steels containing silicon. 


VI. CONCLUSIONS 


A comparison of the vacuum-fusion and the hydrogen-antimony. 
tin reduction methods for the determination of oxygen in cast inons 
resulted in the following observations: 

1. The sample used in the hydrogen-reduction method must beg 
solid sample, in the form of one or two lumps, rather than milling, 
since samples of the latter form may adsorb air and moisture equivs- 
lent to oxygen of four to eight times the real oxygen content of the 
iron as shown by vacuum fusion analysis. j 

2. The precision of the hydrogen-reduction method was 5 indivata 
as 0.006 per cent oxygen using a 5 g sample, and 0.005 per cent using 
a10gsample. This precision is increased but little by using large 
samples, since certain factors in the “blank” appear to change with 
size of sample, and the net value of the blank increases with increas. 
ing size of sample. The precision of the vacuum-fusion method was 
indicated as 0.001 per cent using a 30 g sample. 

3. The rather complicated nature of the “ blank”’ for the hydrogen- 
reduction method was pointed out. This blank required for its proper 
evaluation no less than four slightly differing types of runs. 

4. Within the precision of the method the hydrogen- antimony-tin 
analysis gave the same values for oxygen as the vacuum-fusion method 
on samples of two different cast irons whether using millings or lump 
samples. The precision of the hydrogen-reduction method was, how- 
ever, of the same order of magnitude as the oxygen content of one oi 
the cast irons used, namely, about 0.01 per cent and about 25 per 
cent of the oxygen content of the second cast iron employed. The 
precision of the fusion method, on the other hand, was from about 
2.5 to 10 per cent of the oxygen content of the cast-iron sample. 
The fusion method, therefore, was more satisfactory than the 
hydrogen-reduction method. 

5. The limitation of the hydrogen-reduction method to silicon 
free samples, which has been shown to be necessary in the case 0 
low-carbon iron alloys, does not appear to held for high-carbon in 
alloys of the type used in this investigation. 


WasHINncTON, May 29, 1928. 
& 
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NOTE ON THE EFFECT OF REPEATED STRESSES ON 
THE MAGNETIC PROPERTIES OF STEEL 


By M. F. Fischer 









ABSTRACT 







Changes in the magnetic properties of steel generally accompany changes in 
the other physical characteristics. This suggests the possibility of detecting 
and following the progress of a fatigue crack by magnetic methods. It was 
found, however, that the magnetic changes produced by repeated stresses above 
the endurance limit are not of a type which can be associated with the charac- 
teristic effect of a crack transverse to the direction of magnetization. The 
similarity of the observed magnetic changes with those brought about by the 
removal of externally applied static stresses indicates that the observed changes 
may be produced by the partial relief or redistribution of initially existing internal 
stresses. The fact that the magnetic changes brought about by understressing 
are of a similar character though less in magnitude suggests that some of the 
beneficial effect of understressing may be due to partial stress relief. 
















CONTENTS 










, Introdembiee . ay 2- e ee aS SALA 2S [1 eR, MERE Bro SF Sere t 








in Il. .Materiah amc apemrecee... ... 3. Ft RE Ete Se 

od Dy Rs Se i apenas EARP: 

| 2. Testing machine and specimens- - - -- -- PO ee 3 > ae 

iP 3. Magnetic testing apparatus-- -_- -__- Sie SLAC CELL Boat. 723 i 

W 4: Methads of menmerement........................-....... 724 | 

of fm III. Observations and results. ___._.-..---..-_.--_-.-------------- 725 ii 
’. Discussion i 







I. INTRODUCTION 







Burrows ! once made the statement that a magnetic method may 
be expected to follow the progress of a fatigue failure in iron or steel. 
While magnetic analysis has in some cases been successfully used in 
the detection and study of changes in the physical characteristics of 
sich materials, there is no evidence to substantiate the prediction 
that it may be successfully applied to the detection of fatigue cracks. 
Except for the result of a single experiment by Sanford,” no evidence 
is available to indicate that repeated stresses have any permanent 

















'C. W. Burrows, “Some applications of magnetic analysis to the study of steel products,” Proc, A. 8. 
T. M., 17, pt. 2; 1917. 
'R. L. Sanford, Nondestructive Testing of Wire Hoisting Rope by Magnetic Analysis, B, 8. Tech, 
Paper N 15; 1926. 
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effect on the magnetic properties of steel. The present work wa; 
undertaken, therefore, for the purpose of studying the character of 
the changes in magnetic properties resulting from the application of 
repeated stresses and to determine whether or not such changes bear 
a sufficiently close relationship to the progress of @ fatigue failure to 
warrant further investigation of the possibilities of a magnetic 
method for the study of fatigue phenomena.*® 


II. MATERIAL AND APPARATUS 
1. MATERIAL 


Two readily available types of commercial steel were used for a 
preliminary survey. ‘The samples were taken from two lots of drill 
rod having about 1 per cent carbon and one lot of cold-rolled machin- 
ery steel having a carbon content of approximately 0.13 per cent. 
The two lots of drill rod showed somewhat different magnetic char- 
acteristics and were designated as lot 1 and lot 2. 

Had the results of the preliminary work held out hope of following 
the progress of a fatigue failure by magnetic methods, it would have 
been necessary to extend the work to a wider range of materials to 
determine, for purposes of comparison, the endurance limits, static 
tensile properties, complete chemical composition, metallographic 
structure, etc., and to study the effect of annealing. Since the 
magnetic method, as will be shown hereafter, did not follow the 
progress of the fatigue failure on one hard and one soft steel, it was 
unnecessary to go to the wider range of materials or to define more 
closely the materials that were used. 


2. TESTING MACHINE AND SPECIMENS 


Figure 1 is a photograph of the R. R. Moore* rotating-beam 
testing machine used. Transverse loading causes the longitudinal 
fibers of the test specimen: to be alternately in compression and 
tension as the specimen rotates. The machine runs at 2,000 r. p. m. 
and is provided with a revolution counter and an automatic cut-off 
switch which stops the machine on failure of the specimen. 

The specimens used in this machine are easily adapted to magnetic 
tests. While certain detailed dimensions and form are necessarily 
fixed by the method of clamping in the testing machine, the general 
form of the test section of the specimen can be made to suit the 
specific test requirements. Specimen A of Figure 2 is of the type 
generally used in the study of endurance properties. The stresses 





’ The recent book by H. F. Moore and J. B. Kommers, The Fatigue of Metals, McGraw-Hill; 192, 
describes in detail the many theories of fatigue failure and also contains an extensive bibliography on the 
subject of fatigue. 

‘RR. R. Moore, “Some fatigue tests on nonferrous metals,” Proc. A. 8. T, M., 25, 1925, 
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Fic. 1.—Rotating beam testing machine 











3.—Magnetic comparator 
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are greatest at the minimum section, and consequently only a very 
small part of the material is subjected to the maximum stress range. 
In order to have a greater proportion of the sample subjected to the 
maximum stress range, a specimen was designed having a uniform 
section about 1 inch long. 
This type of specimen (B 
in fig. 2) was used for the 
oreater portion of the 
tests. All test specimens 
were polished longitudin- 
ally to remove circumfer- 
ential scratches, and none 
broke at the fillet. 

The sample designated 
as O in Figure 2 was de- 
signed to permit of mak- Fic. 2.—Test specimens 
ing magnetic tests without ‘ 
removal from the machine. The cylindrical portions near the ends 
fit into a removable magnetizing yoke. 


3. MAGNETIC TESTING APPARATUS 


Magnetic measurements can be made by any of several methods. 
Of the two methods used in the present work, the one by means of 
which most of the following data were obtained is a modification of 
the magnetic comparator previously developed and described by the 
writer ° for making magnetic measurements on short samples. In 

this apparatus the sample 
HH) ~=under examination is com- 
pared with a second sample 
of similar material and prop- 
} erties which is designated 
A as the reference bar. As 
shown in Figure 3, the com- 


4 LiKe parator consists essentially 
of an electromagnet With 

y poles and yoke of soft iron. 

SZ EP 


Symmetrically located near 
the 
Fic. 4.—Electrical. connections of the compar- ends of each pole mabe 
ator circuit 
























































































































































two holes into which fit the 
bushings throughwhich con- 
tact between the test samples and poles-is made. Magnetizing so- 
lenoids surround both the yoke and test samples, and test coils of 
1,000 turns each surround the test and reference bars. The electrical 
connections are shown in Figure 4, from which, for the sake of clear- 





_'M. F. Fischer, Apparatus for the Determination of the Magnetic Properties of Short Bars, B. 8. Sci. 
raper No, 458, 1922. 
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ness, the magnetizing solenoid over the specimens is omitted. The 
two magnetizing solenoids are connected in series, aiding, through g 
reversing switch, ammeter, and control rheostats to a storage battery, 
The two test coils are connected in series, opposing, through the sec. 
ondary of a calibrating mutual inductance to the galvanometer whose 
sensitivity is adjusted by means of series and parallel resistances, 

The second apparatus is a magnetizing yoke of soft iron which can 
be clamped on the test specimen without removing it from the testing 
machine. Specimens of the type shown in Figure 2 C were used with 
this apparatus. A single test coil is wound on the central section of 
the specimen and connected as shown in Figure 5. 


4. METHODS OF MEASUREMENT 


In using the comparator method of measuring the magnetic changes, 
test and reference samples of the same material are placed in the upper 
and lower holes, respectively, in the 
ends of the pole pieces. The ref- 
erence sample is left in position 
during the test of all samples of 
similar material. It can be as- 
sumed, without appreciable error, 
that the same magnetizing force 
acts simultaneously on both sam- 
ples when current is flowing in the 
magnetizing coils. With the test 
coils properly connected, the ballis- 
tic deflection of the galvanometer, 
when the magnetizing current is 
reversed, is proportional to the 
difference in magnetic induction in the two specimens. While it 
might ordinarily be expected that the properties of two samples, 
cut from possibly adjoining sections of the same blank, would be 
the same, it is practically impossible to obtain two samples in which 
such identity exists. Small initial differences between the test and 
reference bars cause no serious difficulty, however, as it is only the 
change in this difference due to repeated stressing of the test bar 
which is important. The difference in the induction through the 
bars at corresponding magnetizing forces is measured directly by 
the comparator. Changes in induction due to any treatment are 
designated as 4B. Observations of similar differences in induction 
for a series of magnetizing currents were made on each test sample 
before subjecting it to repeated stresses. Measurements were made 
at the same values of magnetizing currents after each period of 
stressing. Errors due to possible differences in contact reluctance 
between the test sample and magnetizing yoke were minimized by 








Fic. 5.—Electrical connections of the 
single-yoke circutt 
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taking the average of several sets of readings, between which the 
sample was removed from the comparator and reinserted. 

In the second method of measurement, using the single yoke, read- 
ings were made of the total induction corresponding to a series of 
magnetizing currents. These tests were made with the load removed. 
Although the precision of the measurement of the changes was lower 
in this case than with the comparator, similar results were obtained 
by both methods. The fact that it is unnecessary to remove the 
sample from the testing machine for the magnetic measurements is a 
decided advantage, and the precision of the single-yoke method can 
probably be improved by a suitable modification of the apparatus. 
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Fia. 6.—Characteristic changes in the magnetic induction effected by repeatedly 
stressing samples of different materials 


III. OBSERVATIONS AND RESULTS 


The characteristic magnetic changes brought about by the cyclic 
application of stress are graphically represented by the curves of 
Figure 6. The dashed lines are the normal induction curves of the 
unstressed samples. The full lines are the normal induction curves 
of the same samples after the application of repeated stresses. The 
changes in induction are represented by the AB curves, which are 
drawn to a larger scale. Curve (a) is representative of the drill rod 
of lot 1, curve (e) of the drill rod of lot 2, and curve (b) of the cold- 
rolled steel. For any single value of magnetizing force and type of 
material, the magnitude of the changes depends both on the value of 
applied stress and the number of applications. 
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The samples of drill rod from lot 1 gave, without exception, results 
of the character indicated by the curves of Figure 6 (a). The effects 
of the magnitude of the stress and the number of its applications are 
shown in Figure 7, 
600 [56000 Dritt [Res in which each eurve 

Lotl 1 corresponds to a dif- 
ferent sample, and 
all points to a mag. 
netizing force of 15 
gilberts percm. The 
termini of the curves 
corresponding to the 
three higher stress 


ranges are the last 

| bn observations preced- 
ing failure of the 

specimen. Although 
f the failure of several 
| 47000 specimens occurred 
within a very few 
| oo 45090 thousand cycles 
— ” . 40000] after the last obser- 
200 400 600 800 100010" vation, the magnetic 
STRESS CYCLES data did not indicate 

Fig. 7.—Progressive magnetic changes due to repeated that failure was in- 


stresses minent. Magnetic 

The figures on each curve indicate the maximum stress. All points tests on specimens 
correspond to a magnetizing force of 15 gilberts per cubic centimeter é ° 

which had failed to 


the extent that the crack had opened sufficiently to be clearly visible 
gave anomalous results, because static bending stresses were neces- 
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Fia. 8.—Magnetic changes occurring during the initial cycles of repeated 
stressing 


sarily applied in placing the specimen in the comparator, thus 
superposing on the normal effects those of the applied static stresses. 

Figure 8 shows the magnetic changes in a specimen which was 
initially rotated by hand and the first observation made after five 
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evcles of stress. It is probable that some magnetic change would 
have been observed even after a single cycle. 

Figure 9 is taken from the data of Figure 7 and shows the mag- 
netic changes as a function of the maximum stress range. The 
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Fia. 9.— Magnetic changes as a function of the maximum stress 























magnetic changes are those observed after the application of 50,000 
cycles of stress to each of the several specimens. 

It is known that understressing, in most cases, raises the endurance 
limit. A sample of this material was run for 10,000,000 cycles at 
43,000 lbs. /in.? without evi- 
Drill Rod dence of failing and then 
S0000* run at a stress of 50,000 
Ibs./in.2? The resulting 
magnetic changes are 
shown in Figure 10. The 
magnetic changes occur- 
ae ae ae ring after the application 

STRESS CYCLES of the higher stress are 
smaller than those observed 
in other samples which had 
been tested at the higher 
stress alone, although the 
total change in the present case is of the same order as would have been 
produced by the higher stress. It is probable that the effect of suc- 
cessively increasing stresses is cumulative, the magnetic changes 
produced by each depending on the magnitude and number of cycles 
of application of all preceding stresses. 











43000% 











Fia. 10.—Effect of two different stresses applied 
successively to the same sample 


Magnetizing force 15 gilberts per cubic centimeter 
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Magnetic changes produced in drill rod of lot 2 are similar to those 
indicated in curves (a) and (c) of Figure 6. The changes taking 
place in the early part of the test are of the type shown in curve (0) 
100 As the test proceeds the 

B changes become of the 





AB A 63000* type indicated by curve 
te (a). While the magnetic 

8 eve: i, changes for the material 

sa006" were consistently of the 
A. Gold Rolled Steel same character, they va- 
after 200000 cycles ried considerably in mag- 
nitude among the several 
samples tested under the 
same conditions of stress, 
The results for cold- 
rolled steel are shown in 
Figure il. For stresses lower than those-indicated, the changes are 
too small to be measured with certainty with the sensitivity available. 
The variations of the 
changes with the duration 
of test are similar to those 
of the drill rod with the ex- 
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Fig. 11.—Magnetic changes in cold chilled— 
rolled steel 





ception that the sign of the 

aie is negat ivefor mag- Broke 171000 
netizing forces in the region 
A and positive for magne- 
tizing forces in the region B. 
In Figure 12 the magnetic oh 
changes in the sample 60000 
stressed at 55,000 pounds Broke 512000 
are much larger than those 
in the sample stressed at 
60,000 pounds, which is con- Cold Rolled Stee! 
trary to what had heretofore after 100000 cycles. 
been observed under the 
same comparative condi- 
tions of test. Asis evidenced 
by the relative number of 
cycles to failure of the two 
samples, considerable dif- 
ference may have existed in 
the initial conditions of the 
two samples. Similar variation in the endurance properties of appat- 
ently identical materials is frequently observed in fatigue testing. 
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Fia, 12.—Effect of the initial condition of th 
material on the magnetic changes and endurance 
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‘The fact that at stresses below 50,000 lbs./in.* repeated stress 
showed no effect upon the magnetic properties of the cold-rolled 
steel is sufficient to negative the suggestion that arises on looking 
at Figures 7 and 10, for drill rod, which, by themselves, suggest that 
the study of magnetic changes might offer an accelerated method of 
approximately determining the endurance limit. 

The endurance limit of the drill rod, lot 1 (as indicated by the 
breaking of specimens loaded at 50,000 Ibs./in.? or above, at a few 
hundred thousand cycles, while a specimen loaded at 43,000 Ibs./in.? 
apparently has an indefinite life, fig. 10), can not be far from 45,000 
lbs./in.2 The agreement of this figure with the change of slope in 
Figure 9 might justify hope for an accelerated testing method, 
but since a similar curve for the cold-rolled steel would show the 
change of slope only at 50,000 lbs./in.? or higher, and the endurance 
limit of 0.13 per cent C cold-rolled steel is obviously not so high as 
that, the hope is not realized. 


IV. DISCUSSION 


It is evident from the preceding data that the magnetic properties 
of some steels are modified by repeated stresses of the type here 
employed. While the changes are small in most cases, the evidence 
is conclusive that they are real and permanent. In not a single 
case, however, are the changes of a character which can be directly 
associated with the magnetic effects of a crack transverse to the 
direction of magnetization. Since such a crack constitutes a dis- 
continuity in the magnetic circuit, it would naturally be expected 
that its presence would cause the apparent magnetic perméability 
to be lower than that of the unaffected material for all values of 
induction. In all cases, however, the observed permeability is in- 
creased either throughout the whole range of inductions or in certain 
parts of the induction curve. It is quite probable, therefore, that 
any effect which might be produced by the presence of cracks is 
entirely masked by another effect which has a much greater influence 
on the magnetic properties. 

According to prevailing ideas, a fatigue failure starts at a relatively 
slow rate with respect to the number of repetitions of stress and 
progresses at a continually increasing rate. The change in magnetic 
properties starts at the maximum rate and progresses at a continually 
decreasing rate. This is added evidence that the magnetic change 
does not bear a direct relation to the progress of the fatigue failure. 

[t has long been known that the magnetic properties of iron and 
steel are modified by the application of a static load to the test 
material. The character and magnitude of such changes depend 
on the type and magnitude of the stresses, and also on the degree to 
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which the test sample is magnetized. Figure 13 shows the charac. 
teristic magnetic changes which occur in ferrous materials whe 
subjected to static stresses. The ordinates are the changes in mag. 
netic induction due to the load and the abscissas are the magnetizing 
currents at which the changes are measured. 

Curve (a) indicates the characteristic magnetic changes due to 
either a high tensile stress or to a compressive stress of any magnitude. 
The magnetic changes under these conditions are negative for 4l| 
magnetizing forces. 

Low tensile stresses produce changes of the style represented by 
curve (5). It is to be observed in this curve that the magnetic 
changes are positive for low values of magnetizing force but become 
negative when the magnetizing force is increased. When the 
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Fic. 13.—Changes in the magnetic induction (A B) due to the 
application of static stresses 


magnetizing forces are increased indefinitely, the magnetic changes 
due to stresses of any type become vanishingly small. 

If the applied stresses exceed the elastic limit of the matemal, 
permanent magnetic changes of the type shown in Figure 13 (a) 
occur. 

Comparison of the curves of Figure 13 and Figure 6 (a and }) 
shows that the magnetic changes due to static stress and _ those 
brought about by repeated stresses differ mainly in sign. If the 
data on static stresses had been plotted with signs reversed, thus 
indicating the effect of stress relieval, it would be seen that the 
magnetic changes due to repeated stresses are exactly similar in 
character to those corresponding to the removal of a previously 
existing static stress. From this it appears that the observed changes 
in magnetic properties which accompany the application of repeated 
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stresses are probably associated with the relief or redistribution of 
initial stresses rather than with the start and development of the 
erack Which ultimately results in failure. 

The probability of a change in magnitude or redistribution of 
initial stresses is suggested by Gough and Hanson,° and others in their 
respective theories of fatigue failure. Direct evidence of the relief 
of internal stresses by repeated understressing is furnished by some 
“turning-down’’ tests made by Moore and Jasper.’ Strain changes 
resulting from the removal of surface material were generally smaller 
in specimens which had previously been understressed than in virgin 
material. 

As shown by the lowest curve of Figure 7, the magnetic changes 
produced by understressing differ only in magnitude from those 
effected by overstressing and, therefore, probably have their origin 
in changes similar to those produced by the higher stresses. The fact 
that partial stress relief may have occurred under these circumstances 
suggests that some of the improvement in endurance properties 
resulting from understressing may be due to such stress relief. 

It is to be borne in mind that under cycles of flexural stresses the 
outside fibers of the test specimens are subjected to the greatest 
stresses, the maximum stresses in the concentric lamelle of the test 
piece being proportional to the cubes of their respective radii and 
varying from the maximum, both in tension and compression, to 
zero during each revolution of the specimen. Since the stresses vary 
across the section in this manner, it is reasonable to suppose that any 
effect which they might have on the properties of the test bar also 
varies in an approximately similar manner and that the observed 
magnetic changes are the resultant of those occurring in all the 
lamelle of the test bar. In Figure 9 it is seen that the magnetic 
changes corresponding to a maximum stress of 43,000 pounds are 
small. For a maximum stress of 50,000 pounds, the magnetic changes 
are moderately large. In the latter case, however, only about 10 per 
cent of the cross-sectional material is stressed above 43,000 pounds, 
and it is probable, therefore, that the difference in the magnetic 
changes corresponding to these maximum stresses is contributed 
almost entirely by the small area in which the stresses exceeded the 
lower value. 

Differences. in the character of the magnetic changes which occurred 
in the several materials studied may be attributed to differences in 
the magnitude or distribution of the initial internal stresses. The 
magnetic changes were mainly of the two types shown in curves (a) 
and (6) of Figure 6. Curve (c) of this figure may be considered as a 





‘H. J. Gough and D. Hanson, “The behavior of metals subjected to repeated stresses,’ Proc. Roy. Soc., 
104A; 1923, : 

'H, F. Moore and T. M. Jasper, ‘‘An Investigation of the Fatigue of Metals.” Bull. No. 142, Eng. Exp. 
Sta. Univ. of Il.; 1923. 
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combination of curves (a) and (6). It is not to be supposed that g 
change of a single type occurs without a compensatory change of 
another type, but rather that one change, by reason of its magnitude 
or the volume of material involved, has a predominating influence 
on the magnetic properties. 


V. SUMMARY AND CONCLUSIONS 


The results of the present study may be summarized as follows: 

1. Repeated stresses of the reversed-bending type affect the mag- 
netic properties of the materials studied. 

2. The magnetic changes accompanying repeated stresses are not 
characteristic of the effect of a fatigue crack transverse to the 
direction of magnetization. 

3. Imminence of failure is not indicated by the magnetic changes, 

4. The character of the magnetic changes differs according to the 
material of which the test sample is made. 

5. The magnitude of the magnetic changes for a specific material 
is a function of the applied stress, the number of cycles of its applica- 
tion, and the values of the magnetizing force at which the changes are 
observed. 

Since the magnetic changes which have been observed can not be 
associated with a fatigue crack, a basis of explanation was sought in 
the known effects of static stresses on the magnetic properties of 
ferromagnetic materials. From the similarity of the observed mag- 
netic changes resulting from the removal of static loads from the test 
material, the following tentative conclusions appear to be warranted: 

1. The magnetic changes brought about by repeated stresses are 
such as would be caused by the partial relief or redistribution of 
initially existing internal stresses. 

2. The magnetic effects of such stress relief are so large as to mask 
the small magnetic changes which may directly result from a fatigue 
crack. 

3. The fact that magnetic changes are produced by repeated 
stresses even below the endurance limit suggests the probability that 
understressing results in the partial relief or redistribution of the 
internal stresses. Some of the beneficial effect of understressing may 
be explained on this basis. 

4. Differences in the character of the magnetic changes observed 
in the different materials can be associated with the difference in 
type, magnitude, or distribution of the partially relieved stresses. 


WasuineTon, May 16, 1928. 
& 





EFFECT OF TWIST ON COTTON YARNS 
By A. A. Mercier and Charles W. Schoffstall 


ABSTRACT 


Yarns were spun in the bureau’s experimental cotton mill from 1-inch and 
14;-inch staples, middling grade cotton, using single and double roving organi- 
zations. Seven counts of combed yarns (17-inch staple) and five counts of 
carded yarns (1-inch staple) were spun. Different twist factors were used for 
each yarn. 

Measurements were made of strength, diameter, angle of twist, and contrac- 
tion. Correlations of the results graphically with respect to the twist multiplier 
are shown and discussed. Suggestions regarding the application of these data 
to the cotton mill are given. 
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I. FACTORS THAT AFFECT THE PROPERTIES OF COTTON 
MATERIAL 


The physical properties of a cotton yarn are extremely important, 
both from the standpoint of quality of product and cost of produc- 
tion. The strength, regularity, or evenness, absorptivity with 
respect to moisture or dye, the feel or handle, the cleanliness, and other 
properties of the finished product must each be considered in the 
selection of the raw material and the proper manufacturing procedure 
in the mill. 

The factors governing the selection of raw cotton as it is related to 
the properties of the final product have been fairly well established. 

110818°—23—1 733 
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The long fibers for the combed yarns used in voiles, lawns, airplane 
fabrics, etc., the shorter fibers for bagging, blankets, etc.; the selec. 
tion of the grades according to the type of cloth desired; all these 
features have been established, at least along approximate lines 
No manufacturer would attempt to spin fine yarns on a production 
basis from low-grade short-stapled cotton, nor would he buy high- 
grade cotton for such a low-grade fabric as osnaburg. 

The quality and cost features are definitely related with the 
processes and settings of the machines, hence the proper organiza- 
tion of mill procedure is even more important than the selection of 
the raw cotton. When a mill is being planned for the manufacture 
of a particular kind of material, such as sheeting, for instance, it is 
very desirable to know the relation of the twist factors to yarn 
diameter, strength, angle of twist, etc. The best mill organization 
from the standpoint of cost in this instance is one which will yield 
maximum production with minimum idle machinery. The difference 
of a few turns per inch may necessitate additional spinning frames 
or other machines which are expensive in both initial cost and oper- 
ation and occupy valuable space. Having once fixed the operating 
conditions, the manufacturer can seldom afford to make a change; 
thus it is of increased importance that the best mill organization be 
adopted initially. 

Some mills are equipped to make any type of material, within 
certain limits, that is ordered. Here a definite knowledge of the 
relation of the mill organization to the finished product means the 
satisfactory completion of the order from the standpoint of both 
quality and cost of product. 

In most cases one property is more important than another, and 
some sacrifice of the other features may be necessary. This is the 
case, for instance, in the manufacture of toweling where high moisture 
absorption and softness of feel must be obtained. Some of the strength 
is generally sacrificed; but, obviously, some middle ground must be 
selected, for the towel must be capable of withstanding the rigors 
of the laundry treatment at frequent intervals. So the highest absorp- 
tive quality can not always be attained. 

A closer analysis of the situation shows that the absorptiveness and 
the strength of the yarn each depend largely on one manufacturing 
factor; namely, the twist. Within limits, the lower the twist the 
higher is the absorptiveness and the lower the strength. 

When the selection of the proper manufacturing organization for 
the toweling is considered from a cost viewpoint, it is found that the 
higher the twist the greater the cost of production. Now, if it is 
known what properties certain twist factors produce, an easy selection 
might be made of the best mill organization. 
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II. NEED FOR DEFINITE INFORMATION 


The mill managers may fully realize the fact that the twist of the 
yarn affects the finished product very materially and yet be unable 
to cope ‘with difficulties arising from this condition. Many mills 
buying their yarn for weaving or knitting are confronted with this 
situation. Such terms as “filling twist,’ ‘warp twist,” and “hosiery 
twist” are frequently used in the yarn market. (Sometimes the 
yord “yarn” is substituted for “twist.”) Agreeing on an exact 
definition for these terms is not easy. 

It is recognized that yarns for hosiery and underwear must be soft 
and pliable in order to run properly on the knitting machines. The 
desired properties are gained by using a low number of turns per inch. 
“Hosiery twist’? thus indicates that the yarn has few turns per inch. 
Many of the defects of cotton hosiery occur because of the lack of 
definite data or a standard definition for “hosiery twist.’ For in- 
stance, yarn from two different sources, the same yarn count and both 
“hosiery yarns”’ according to the marks of the respective yarn mills, 
may be used on the same knitting machine. Because of the differ- 
ences in twist practice in different mills there are apt to be dissimilari- 
ties in the finished product. If the difference is not apparent in the 
stitch formation, it will show when the hosiery are dyed. Uneven 
shades or difficulties in pair matching will frequently occur. 

Another example is found in connection with the “‘filling-twist”’ 
yarns and ‘‘warp-twist”’ yarns. Warp yarns are subjected to strain 
in the loom, and thus, if for no other reason, they must have sufficient 
twist to make them strong enough to prevent excessive breaking. 
Filling yarns undergo very little strain in weaving. If a manufac- 
turer wants to make a cloth with as little cost as possible so far as 
twist is concerned, he uses yarns having the least twist, which, accord- 
ing to practical experience, works satisfactorily on the loom. Gen- 
erally, yarns bought under designations of “warp twist”’ and “filling 
twist” approximate these minimum twists unless a definite twist is 
specified. This results from the close relation of twist to production 
cost. Unfortunately the idea of what the minimum should be varies 
in the different yarn mills, so that the terms which express the degree 
of twist have only vague meanings. 

If definite data regarding the effect of twist on the properties of 
yarn were established, the relation of the yarn to the finished material 
and to its intended use would receive more attention and there would 
follow an improvement in yarn manufacture and trading. A weaving 
mill could order yarn with a certain twist factor made from cotton 
having a certain staple and be reasonably sure that, whatever yarn 
mill made it, it would fulfill definite requirements. This would not be 
confusing for the yarn mill, for, no doubt, standardization of termi- 
nology would be accomplished in due time and “warp twist,” “filling 
twist,” “hosiery twist,’’ etc., would have definite meanings. 
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Ill. PURPOSE AND SCOPE 


The purpose of this paper is to show how twist affects the breaking 
strength of yarn, the diameter of yarn, the angle of fibers (angle o 
twist), and the draft necessary to maintain a constant count while 
increasing the twist. 

The raw cotton used was middling grade of 1-inch and 144-inch 
staples. The 1-inch cotton was carded and spun into 10s, 15s, 20. 
25s, and 30s yarns. The 1,¢-inch cotton was combed and spun into 
10s, 15s, 20s, 25s, 30s, 35s, and 40s yarn. Both single and double 
roving organizations were used in carded and combed yarns. 


IV. MANUFACTURING PROCEDURE 


The cotton was given the usual treatment in the mill processes 
outlined as follows: 


1. Automatic feeder. 
2. Vertical opener (600 r. p. m.). 
3. Breaker picker (Kirschner, 3-blade beater). 
(a) 900 r. p. m., 31 blows per inch, 14 ounces lap. 
4. Intermediate picker (rigid, 2-blade beater). 
(a) 900 r. p. m., 39 blows per inch, 13 ounces lap. 
. Finisher picker (Rigid, 2-blade beater). 
(a) 900 r. p. m., 40 blows per inch, 12.5 ounces lap. 
. Card. 
(a) Cylinder, 165 r. p. m. 
(b) Licker-in, 390 r. p. m. 
(c) Doffer, 10 r. p. m. 
(d) Weight of sliver, 55 grains. 
. Sliver lapper. 
(a) Feed, 20 slivers of 55 grains each. 
(b) Delivery, 1 lap of 480 grains. 
. Ribbon lapper. 
(a) Feed, 4 laps of 430 grains eack. 
(b) Delivery, 1 lap of 400 grains. 
9. Comber. 
(a) Feed, 8 laps of 400 grains each. 
: (b) Delivery, 1 sliver of 50 grains. 
(c) Waste removed, 23 per cent. 
. First drawing frame. 
(a) Combed. 
(1) Feed, 6 slivers of 50 grains each. 
(2) Delivery, 1 sliver of 60 grains. 
(b) Carded. 
(1) Feed, 6 slivers of 55 grains each. 
(2) Delivery, 1 sliver of 60 grains. 
. Second drawing frame. 
(a) Combed and. carded. 
(1) Feed, 6 slivers of 60 grains each. 
(2) Delivery, 1 sliver of 60 grains. 
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12, Slubber (11 by 534). 
(a) Spindle speed, 745 r. p. m. 
(b) Draft, 4.3. 
(c) Feed, 1 sliver of 66 grains. 
(d) Delivery, 1 roving. 
(1) Count (hanks), 0.6. 
(2) Twists per inch, 0.93. 
13. Intermediate (9 by 444). 
(a) Spindle speed (r. p. m.)-..-------- 990 990 990 
(b) Dbateases Soo. SS Sia debe 3 - 367 °° 58.5 3.94 
(c) Feed (2 roving, hanks) ------ _... 0.60 0.60 1.10 
(d) Delivery. 
fe Se anne | .65 1.86 
(2) Twists per inch... .-....... 128 156: 1:66 
14. Fine fly frame (7 by 344). 
(a) Spindle speed (r. p. m.)----.------ , 250. 1,250 
(b) Draft : : 4. 63 4. 73 
(c) Feed (2 roving, hanks)...-..--------- 1. 165 1.86 
(d) Delivery 
(1) Count (hanks). _-- 
(2) Twist per inch- --- 
15. Jack frame. 
(a) Spindle speed (r. p. m.)----- 
(b) Draft Ssqc gear a 
(c) Feed (2 roving, hanks)--- ; _ 3. 30 
(d) Delivery. 
(1) Count (hanks). --_-_.----- 6. 60 
(2) Twists per inch- ~~ --_- 
16. Spinning frame. 
(a) Spindle speed. variable. 
(b) Draft variable. 
(c) Single roving. 
(1) Feed (hanks) ----- 230. 3.68. 2.26: 2:75. 32:30 . 40 
(2) Delivery (counts) - 10 15 20 30 3: 40 
(d) Double roving. 
(1) Feed (hanks) 2.20 3.30 4.40 5. 6.60 7. . 80 
(2) Delivery (counts) - 10 15 20 ; 30 3! 40 


Beginning with the slubber, the mill organizations were changed 
to avoid long drafts and to facilitate the work by employing as few 
processes as possible. The greatest number of changes occurred in 
the spinning processes, where the draft, twist, and spindle speeds 
were altered to produce the desired results. 

A range of twist was obtained using twist multipliers from 2.5 to 
5.0 in increments of 0.25 and from 5.0 to 8.5 in increments of 0.5. 
The twists per inch for each yarn varied for each twist multiplier 
according to the formula 


T= MxC 


where 7' is the twists per inch, M the twist multiplier, and C the 
yarn count. 
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The yarns were spun on ring frames, the 10s, 15s, 20s, 25s, ang 
30s yarns being spun on 134-inch rings and the 35s and 40s yarns oy 
134-inch rings. The spindles were driven from an 8-inch drum }y 
means of tapes which were kept tight by idler pulleys. This method 
kept the slippage of spindles at a minimum. 

As the twist was varied, the draft was changed according to the 
amount of contraction, so that practically a constant yarn count 
was maintained. The spindle speed was also changed in order to 
avoid high speeds on low-twisted yarn and to follow the usual mil 
procedure for production. 

A relative humidity of 65 per cent was maintained throughout 
the entire period of manufacturing. 


V. TESTING PROCEDURE 
1. CONDITIONING 


The tests were conducted in a room having a constant tempera- 
ture of 70° F. and a relative humidity of 65 per cent, and after the 
yarns had been conditioned for at least four hours. 


2. SAMPLING 


Ten bobbins were taken at random from each lot of yarn. For 
carded yarns there were 5 different counts, each count having 17 
different twists for each of the roving organizations (single and 
double), making a total of 170 lots. For combed yarns there were 
7 counts, each count having 17 different twists for each of the roving 
organizations, a total of 238 lots. This made a grand total of 408 
lots of yarn. 

‘Table 1 shows the number of specimens tested. 


TABLE 1.—Number of specimens tested 





| 

Number | Number! Total 

of of number 
speci- speci- of 

mens mens speci- 

from from mens 
each each (408 
bobbin lot lots) 





Breaking strength, skein 

Breaking strength, single strand 

yy ESFRSELER OMT ER ASSES CRS 
Yarn count 

Diameter 

OE nag ncpidckinetanndensvsneawed 























3. BREAKING STRENGTH 


The breaking strength of the yarn was determined both by the 
skein (or lea) test and by the single-strand test. The apparatus 
used for both tests were Scott testers of the inclination-balance type. 
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The speed of the pulling drum or jaw was 12 inches per minute under 


no load. 

In the skein (or lea) test a skein 120 yards in length was wound on 
a reel having a perimeter of 1144 yards. This skein, consisting of 
30 strands, was then placed on the drums of the testing machine. 
These drums are 1 inch in diameter. The capacity of the machine. 
is 300 pounds. Careful handling minimized the overlapping of the 
yarn and distributed the load, which was applied more or less evenly. 

In the single-strand test the yarn was clamped in small jaws of 
the testing machine. The distance between jaws was 6 inches. 
The capacity of the machine is 2.2 pounds. Care was taken to avoid 
disturbing the twist while the specimen was being prepared for the 
break. Breaks occurring at or in the jaws were disregarded. 


4. YARN COUNT 


Yarn count was determined by weighing a skein of 120 yards and 
then making the usual calculations according to the formula 


,_ YX 453.6 
Wx 840 


where Y=yards in specimen, W is weight in grains, 453.6 is number 
of grams in a pound, and 840 is the cotton constant. 


5. DIAMETER OF YARN 


The yarn was wrapped loosely around a black cardboard 1 inch wide. 
This was then placed on a rotary stage microscope. The sides of 
the yarn were brought into focus and made to coincide with the 
movable wire in the eyepiece. This wire was moved across the field 
by a serew, one turn of which moved the wire 0.6 mm. The screw 
had an adjustable drumhead divided into 50 parts, one part therefore 
being equal to 0.01 mm, one-tenth of which could be easily estimated 
(0.001 mm). The readings were made at the center of the scale, 
to Insure greater accuracy. 

When the wire had been made to coincide with one side of the yarn 
the readings on the field and drum were noted, and the wire was then 
moved to the other side of the yarn and the readings again recorded. 
The difference in each case between these two readings was the 
diameter of the yarn. 

6. ANGLE OF TWIST 


The angle of twist with respect to the longitudinal axis of the yarn 
vas measured with the same apparatus used for diameter measure- 
ment, by rotating the stage so that the wire in the eyepiece was 
parallel to the angle of the twist in the yarn. 


Po OSE ENB CE CREASE SAME AI 
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VI. DISCUSSION OF RESULTS 


The test data were very voluminous, as will be noted from the 
number of tests made as indicated in Table 1. It was deemed 
advisable to correlate the results graphically rather than tabularly. 
Attention is therefore directed to Figures 1 to7. Through the points 
as plotted, smooth curves have been drawn. 
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Fig. 1.—Comparison of skein and single strand breaking strength determina- 
tions as affected by twist 

The scale for the skein results is given at the left; the scale for the single-strand is given in the 

center of the chart. The curves are plotted so that the shapes of single-strand and skein methods 


may be compared. 
1. BREAKING STRENGTH 


Figure 1 shows a comparison of the curves obtained by plotting 
the twist multiplier against the skein and the single-strand breaking 
strengths. The maximum strength for skein breaks was reached 
with a twist multiplier of about 4.25, whereas for the single-strand 
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method the maximum breaking strength was reached with a twist 
multiplier of about 5.25. This may be partially explained by con- 
sidering that the single-strand result represents an average of a number 
of tests (in this case 40), including high, low, and medium breaks, 
whereas the skein test, although presumably the average of a large 
number of single-strand tests, is really an average of the medium 
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Fia. 2.—Strength (skein method) of cotton yarns as affected by twist 


tTwisP MULTIPLIERS 


Yarns with different twist factors were spun from single and double roving; made of combed 14;- 
inch and carded 1-inch staples, middling grade cotton. Results are given for the various counts, 
ind a mean of the results is given at the top to show the average gain obtained by using the double 
roving. 
and low breaks. The factors of friction, distribution of tension, and 
variation in the stretch of the individual yarns appreciably influence 
the results. At best, the skein tests grade the samples in the same 
quantitative order as a single-strand test. 

The strength tests by the skein method, which are plotted in Figure 
2, indicate the benefit obtained by using a double-roving instead of a 





‘Confer Hall, J. Text. Inst., 15, T223; 1925, 
110818°—28-—-2 
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single-roving organization. Using low-twist multipliers, the advap. 
tage gained is as high as 15 pounds in some instances. The single. 
strand tests (fig. 3), however, although in general agreement with the 
above statement in regard to the low-twist multipliers, indicate tha; 
little if any advantage is gained for high-twist yarns. 
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Fic. 3.—Sirength (svngle-sirand method) of cotton yarns as affected by twist 


Yarns with different twist factors were spun from single and double roving; made of combe! 
1/,-inch and carded 1-inch staples, middling grade cotton. Resultsare given for the various counts, 
and a mean of the results is given at the top to show the average gain obtained by using the double 
roving. 


The advantage of using the combing process is indicated to some 
extent in Figure 4, although it is impossible to state how much of the 
increased strength is due to the greater staple length and how much 
is due to the combing process. 

There is one outstanding fact shown by Figures 1 to 4: The strength 
of a yarn increases with twist up to a certain point, then decreases as 
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further twist is added. In a previous bureau paper?’ the following 
statement occurs: 


The twist is an important factor in obtaining the strength of a yarn. In the 
twisting process the fibers are entwined around and cling to each other so that 
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Fig. 4.—Strength (skein method) of combed and carded cotton yarns as affected 
by twist 
Yarns were spun from single and double roving. It is to be noted that 1-inch cotton was used for 
the carded and 14-inch for the combed yarn; therefore the curves are not strictly comparable. 


they resist efforts to slip by each other. Theoretically the maximum strength 
is obtained when sufficient twist is given which will, with minimum strain to the 
individual fibers, prevent any slipping when force is applied in a longitudinal 





* McGowan, Schoffstall, and Mercier, Effect of Twist on Pima Yarn, B. 8. Tech. Paper Ne. 278, p. 89; 
Feb, 11, 1925. 
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direction. Beyond this point the strength decreases, and this decrease can bp 
continued until the yarn breaks under no longitudinal strain, but merely froy, 
the shearing action of the twisting. 


2. DIAMETER AND ANGLE OF TWIST 


The covering power of a yarn is directly affected by the diameter. 
As twist is added within certain limits the diameter decreases, as js 
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Fic. 5.—Diameters of cotton yarn as affected by twist 


Groupings of the yarn spun from single and double roving for the carded and combed lois are 
given; also the mean of the curves. 


shown by Figure 5. This feature is important. For example, the 
yarn for underwear cloth must be soft and make up into cloth m 
such a way that the interstices between the stitches are a minimum. 
On the other hand, a voile is made from yarns which form com- 
paratively wide interstices as compared with the surface covered )) 
ihe yarn itself. 
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The relation of the angle of twist to the yarn properties is seldom 
fully realized. There is little doubt that the angle of twist affects 
light reflection from the surface of the yarn or cloth made from the 
varn. While the data in the present study were being collated a 
paper by Tenney * indicated that this feature of yarn testing was 
receiving attention in other more practical fields. Tenney has the 
following to say, which is of interest in this connection: 


The theory of parallel lines in the design of cloths is of great interest. The 
fiber angle, angle of twist, and the angle of the axis of the yarn are all very im- 
portant. The angle of twist offers not only an exact means of determining the 
average twist in single yarns * * * but it isa measure of the hardness or softness 
of the yarn and fabric of which it is a part. 

In the design of cotton warp sateens the nearer the parallel fibers of the yarn 
conform to the angle of the twill the smoother will be the face of the cloth. The 
difference between a smooth-face and a twill-face sateen is determined by the 
apposition or coincidence of the twill angle and the fiber angle. 

Another interesting example given by Tenney of the application 
of definite knowledge of angle of twist was in the construction of 
cotton broadcloths, in which increased luster was obtained by em- 
ploying yarns with a definite angle of twist which made the ply yarns 
seem to split into pairs at the points of intersection, giving twice the 
number of parallel lines per inch. 

Luster of silk materials is enhanced or subdued by manipulation 
of the twist in the yarn. 

The quantitative data on angle of twist obtained in this study are 
graphically represented in Figure 6. 


3. CONTRACTION 


In order to maintain a constant count in each yarn while increasing 
the twist, the contraction in length due to increase in twist was cor- 
rected by changing the draft. These draft-change curves are shown 
in Figure 7. 

When increasing from a twist multiplier of 3 to one of 4.75 (using 
the same roving), the draft had to be increased from 9.25 to 9.75. 
Other draft increases are in proportion, the curves being of the same 
general character. 


VII. THE USE OF THESE DATA IN THE MILL 


Questions may arise as to the application of the data here pre- 
sented in the everyday operation of a cotton mill. Variations from the 
actual results obtained here may, of course, be expected, even when 
the same staple of cotton and the same mill organizations are used. 
Such features as relative humidity in the mill, slippage of spindles, 


Tenney, A. M., “‘ Microscopic research in industry,’’ Textile World, p. 2033, Mar. 26, 1927 (a paper read 
before Committee D-13, Am. Soc. Test. Mat. at Mass. Inst. Tech.; March, 1927). 
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and variations in test procedure will change the result somewhat, 
However, it is to be noted that for the most part the data given follow 
smooth curves very closely, and it should be possible in cases where 
results are affected by some constant (such as spindle slippage) to 
interpolate the actual figures from these charts. 
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Fic. 6.—Angle of twist of cotton yarn as affected by twist 


Groupings of the yarn spun from single and double roving for the carded and combed lots are 
given; also the mean of the curves. Several of the lines connecting the points are broken lines t 
aid in following the points. 


Figure 1 shows markedly the effect of the test method on the resul 
and should enable a mill to some extent to correlate data obtained 
by either of the two commonly used methods of determining break- 
ing strength. The curves obtained by the two methods separately 
are shown in Figures 2 and 3. It is believed that the single-stran¢ 
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method presents a better measure of the breaking-strength relation 

of the yarn, because the results are an average of a number of breaks, 

each made separately and including high, low, and medium values. 
It was observed that yarn of the twist multiplier which would give 

maximum strength as indicated by the skein method had less tendency 
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Fia. 7.—Draft as affected by twist 


The amount of draft necessary to maintain constant counts is plotted against the twist multiplier. 
Groupings of the yarn spun from single and double roving for the carded and combed lots are given; 
also the mean of the curves. Several of the lines connecting the points are broken lines to aid in 
following the points, 


to kink. This made it very much easier to handle, and this is, of 
course, an important factor in the choice of twist multiplier. 
Figures 1, 2, and 3 also show that equal breaking strengths can 
be obtained at two points on the curve, one with a low-twist mul- 
tiplier, the other with a high. The choice of the proper twist mul- 
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tiplier will depend on what other qualities are desired in addition 
to strength. If strength only is required, the lowest-twist multiplier 
which gives the desired strength should be selected because of the 
lower production costs. If soft yarns are desired, select the lower- 
twist multiplier. Crépes and voiles would require yarns with high- 
twist multiplier. 

Figure 4 is useful in determining how much advantage in strength 
is gained by the use of the combing process. 

Figure 5 will be useful when designing a fabric for covering power. 
Covering power of a yarn is determined by its diameter. It will be 
noted, for example, that the decrease in diameter resulting from 
change from a twist multiplier of 3 to 4 for a 10s combed yarn is 
0.04 mm, or almost 10 per cent. ‘The percentage change is about 
the same on other sizes. 

Figure 6 can be used in the design of fabrics to obtain luster. An 
illustration was given in the preceding discussion to illustrate this 
case. Two-ply yarn was being used for cotton broadcloths, and a 
high luster was desired. To add to the effect of mercerizing it was 
found that the ply twist could be selgcted with such an angle that 
as the warp and filling yarns intersected, the plied yarn “split,” 
giving the appearance of two yarns. Another example is the lustrous 
effects obtained by the satin weave. This is enhanced by proper 
selection of angle of twist. 

Figure 7 can be used directly in ascertaining how much the draft 
must be changed when it is desired to vary the twist without changing 
the yarn count. 

By means of the nomographic chart shown in Figure 8 the turns 
per inch for any twist multiplier from 1 to 10 and for any yarn from 
1 to 225 can be determined very quickly by placing a straightedge 
at the yarn count and the twist multiplier selected and then reading 
on the center scale where the straightedge intersects it. For example, 
it is desired to know the turns per inch of a 60s yarn when using a 
twist multiplier of 2.5. Place the straightedge at 2.5 left-hand scale 
and at 60 right-hand scale. The straightedge intersects the center 
scale at 19. Hence there will be 19 turns per inch. 

Similarly, by means of the nomographic chart shown in Figure 9, 
the production of the spindles in yards per minute or per hour can 
be obtained by fixing the straightedge on the known points on the 
two outside scales and reading the center scale. 


WasHINGTON, February 8,.1928. 
&* 
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DESIGN OF TUNED REED COURSE INDICATORS FOR 
AIRCRAFT RADIOBEACON 


By F. W. Dunmore 


ABSTRACT 


The tuned reed indicator is a simple and reliable instrument for use in con- 
nection with the radiobeacon system developed by the Bureau of Standards for 
cuiding aircraft. This beacon system was developed with a view to giving a pilot 
a visual indication as to whether or not he is flying on a specified course, and if 
not, to which side and how much he has deviated. This indication is given by 
two vibrating reeds, the relative amplitudes of vibration of which indicate the 
position of the airplane with respect to the beacon course. Equal amplitude of the 
two reeds indicates that the airplane is on the course. The reeds give a con- 
tinuous indication to the pilot of his position with respect to his course. This 
indication is obtained without any other effort than a glance of the eye. This 
feature is particularly valuable, since in time of fog, when the device is most 
needed, the pilot is very much occupied and can only glance at a course-indicating 
device occasionally. 

The reed indicator consists of a pair of metal reeds capable of vibrating be- 
tween a pair of small electromagnets. These electromagnets are connected to the 
output terminals of the airplane receiving set. The free end of each reed carries 
a white vane. This produces two white lines close together when the reeds 
vibrate. These two lines are what the pilot observes when holding a beacon 
course. Owing to the mechanical tuning of the reeds they are extremely free 
from the effects of all kinds of interference unless the interference is strong enough 
to block the tubes in the receiving set. 

Six types of indicators were constructed and data obtained on each. The 
final model was one in which the reeds were made of steel with a bimetallic strip 
on the free end of the reeds for automatically holding the reeds in tune as the 
temperature varies. The reeds which are strongly polarized vibrate between two 
electromagnets taken from a telephone receiver. This form of indicator requires 
less than 1.5 milliamperes and 3.5 volts to operate the reeds with a 11 by 11 mm 
damper on the end of the reed. This damper served to increase the decrement of 
the reed, so that any slight changes in the modulation frequencies would not 
change the reed deflections. 

This indicator unit is arranged to plug into a shock-proof mounting on the 
instrument board of the airplane. With mounting its dimensions are 344 by 234 
by 4% inches, and weighs under 2 pounds, 

8431°—28—1 751 
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I. INTRODUCTION 


The tuned reed type of visual indicator is a simple and reliable 
instrument for use on airplanes in connection with the double modula- 
tion type radiobeacon.' This beacon system was developed with a 
view to giving a pilot a visual indication as to whether or not he is flying 
on a specified course, and if not, to which side and how much he has 
deviated. This indication is given by two vibrating reeds, the rela- 
tive amplitudes of vibration of which indicate the position of the air- 
plane with respect to the beacon course. The reeds give a contin- 
uous reading indication to the pilot, free from the effects of ignition 
and other interferences, yet they are sufficiently sensitive to operate 
from the output of an aircraft receiving set and small enough to be 
placed on the instrument board of an airplane. 

The radiobeacon, in connection with which the reed indicator oper- 
ates, is a transmitting station which sends out 290-kilocycle waves on 
two loop antenne. These antenne are at right angles to each 
other, and the waves from one are modulated at a certain low fre- 
quency, such as 65 cycles, and the other at another low frequency, 
as 85 cycles. A figure-of-eight characteristic is produced in space, and 
there are two lines (or four directions) along which the two modulated 
signals are of equal intensity. These directions are the courses where 
the two reeds of the visual indicator vibrate with equal amplitudes. 

The reed indicator consists of a pair of metal reeds capable of 
vibrating between a pair of small electromagnets. These electro- 
magnets are connected to the output terminals of the airplane receiv- 
ing set. The frequencies to which the two vibrating reeds are tuned 
are the modulation frequencies supplied to the two transmitting 
antenne at the beacon station. This paper describes the devel- 
opment of the reed indicators, with special reference to choice of the 
modulation frequencies. 





1 “Development of radio aids to air navigation.” J. H. Dellinger and H. Pratt, Proc. I. R. E., 16, p. 
890-920; July, 1928. 
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Fic. 1.—Transmission characteristic of beacon modulated at 60 cycles, push- 
pull fashion. Degree of shading shows amount of modulation present 
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Il. CHOICE OF MODULATION FREQUENCIES 


The choice of modulation frequencies which may be used in the 
beacon station is essentially determined by the characteristics of the 
indicators used on the airplane. In order to obtain an appreciable 
amplitude of reed vibration in the indicators, it is necessary to use a 
reed of sufficient. length to give at least 1 cm deflection. Low fre- 
quencies were, therefore, chosen, of the order of 50 to 100 cycles. 
Aside from making possible the use of a sufficiently long reed in the 
indicator, the use of these frequencies had the added advantage that, 
owing to the narrow side bands when modulating the carrier at two of 
these frequencies, a change in tuning of the receiving set operating 
the reeds will not cause an apparent shift in the course due to the 
relative change in the side band amplitudes. A detuning of the 
receiving set by 100 cycles throws out both frequencies, while if 500 
or 1,000 cycles were used and the set detuned by 500 cycles most of 
the 500 cycles would be tuned out while much of the side band from 
the 1,000 cycles would remain. 

In the first experiments to determine suitable modulation frequen- 
cies 60 cycles was chosen as one frequency, since it could easily be 
obtained from the power lines. The circuit consists of a master oscil- 
lator, the radio-frequency output of which is amplified by two amplifier 
tubes J; and J,. The plate of J, is supplied with high voltage at 85 
cycles through transformer F and passes radio-frequency on to one 
coil antenna modulated at this frequency through coils C'and L, while 
the other tube passes the same radio-frequency modulated at 65 
cycles by transformer G to the other coil antenna through coils M and 
P. In these first tests one center-tapped 60-cycle transformer was 
used in place of transformers F and G. The effect of this combi- 
nation was to operate the power amplifier tubes J, and J, in push- 
pull fashion, so that radio-frequency power is passed through coils 
» (-L and M-D every other half cycle. 

An advantage of the push-pull arrangement is that there can be 
no coupling between power amplifier circuits or between goniometer 
stators, since the push-pull circuit causes one power amplifier to be 
completely inactive while the other is functioning, due to the negative 
potential on one plate while the plate of the other tube is positive. 
The effect produced in space is that shown in Figure 1, in which the 
relative amounts of shading in the outer segment represent the 
amount of 60-cycle signal present and a similar effect in the inner 
segment represents the amount of 120-cycle signal present. Since 
the signals received along the line OP from loops A and B are of equal 
amplitude and come alternately, two every 60 cycles, the audio- 
frequency signal in this region will be 120 cycles. In this system, 
therefore, the second reed was tuned to 120 cycles. With this 
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method there are two courses for each quadrant, one being along the 
line ON, where the 60 and 120 cycle modulation are present with 
equal amounts and the other along the line 0 M where the two fre. 
quencies are likewise present in equal amounts. 

It was found during experiments with this system that the two 
courses could readily be found. In fact, there were really eight 
courses, two for each quadrant. These were found by rotating the 
courses through 360° while receiving the 120 and 60 cycle signal at a 
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Fig. 2.—Resultant field with beacon antennas modu- 
lated, one at 60 cycles and the other at 73 cycles 


fixed location and watching the reed indicator. In this way all eight 
courses could be swept through the receiving point. Although the 
transmitting circuit for this system is simple, several disadvantages 
were found from the point of view of the reeds. The principal 
objection was that the 120-cycle reed being tuned to a harmonic o/ 
60 cycles was caused to operate by the 60-cycle frequency. Although 
the amplitude of the vibration due to this effect was small, it was sufli- 
cient to broaden the course. Another disadvantage was that the 
120-cycle reed, being considerably shorter than the 60-cycle reed, 
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gave a much less amplitude of vibration than the 60-cycle reed for an 
equal audio-frequency input. The sharpness of the course is greater 
when turning into the 120-cycle zone than when turning in the oppo- 
site direction toward the 60-cycle zone. The two courses, 0 M and 
ON (fig. 1), might cause some confusion, since they are within 15 or 
90° of each other, and the pilot might accidentally shift from one 
course to the other without knowing it. For these reasons this 
method of modulation at the beacon was discarded for the one in 
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Fig. 3.—Polar curves obtained by measuring the ampli- 
tudes of vibration of the 60 and 88 cycle reeds as beacon 
course is changed through 360° 


which two sources of audio-frequency modulations were used inde- 
pendently of each other. 

The next problem was to determine the two best modulating 
frequencies. Sixty cycles was again chosen as one frequency, since 
it could be so easily obtained from the power line and since the length 
of the reed which tuned to this frequency was sufficient to give 
ample movement at the free end without being too long to be affected 
by mechanical vibrations. The other frequency, as first chosen, was 
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73 cycles. Figure 2 shows polar curves taken using these two fro. 
quencies with thermoelements in the output of a radio receiving set, 
These curves were taken as the goniometer was rotated through 
360°, thus swinging the courses past the receiving point. The curve 
for 60 cycles was taken with the 73-cycle power off and the curve 
for 73 cycles with the 60-cycle power off. When both frequencies of 
modulation were applied simultaneously and a reed indicator with 
reeds tuned to 60 and 73 cycles was put in place of the thermoelement, 
it was found that the frequencies of 60 and 73 cycles caused a beating 
effect at 13 cycles which was very noticeable on the reeds; so much 
so that it would be impractical to use these two modulation frequen- 
cies. This beating effect, occurring at a frequency much lower than 
that to which the reeds are tuned, is dependent upon the inertia of 
the reeds, since a light reed might follow a given beat frequency, 
whereas a heavier one could not, due to its greater inertia. Later 
tests showed that for the reeds used a difference of 20 cycles was 
sufficient to prevent any noticeable effect of beats. 

In order to study further this effect of reed beating, the 73-cycle 
frequency was increased to 85 cycles. In Figure 3 is shown a set of 
polar diagrams in which the amplitude of vibration of the reeds in 
millimeters is shown plotted against the angular setting of the goni- 
ometer in degrees. The operation of the reeds under these circum- 
stances is the same as though the airplane had flown completely 
around the beacon. These data were taken at the Bureau of Stand- 
ards, 12 miles from the beacon. The full line curve shows the 
operation of the 60-cycle reed and the dotted curve the 85-cycle 
reed. These data were taken with both reeds operating simulta- 
neously. These curves show very clearly the presence of the four 
courses, one being at A, the opposite one being at B, and the other two 
being at C and D. The courses A and B are the ones which are 
used; either one may be chosen, and the goniometer calibrated using 
this one. The other two courses, C and D, are practically worthless, 
since the signal strength at these courses is too weak and the opera- 
tion of the reeds on each side of the courses is very uneven. The 
smaller polar curves within the larger ones are due to coupling between 
the two power amplifiers and goniometer stator coils. With the 
courses A and B the amplitude of vibration of one reed drops evenly, 
while that of the other reed rises in a similar fashion as the pilot 
deviates from the course. Although the two beacon loops, A and 
B, are at right angles as well as the goniometer stators and rotors, 
it will be noted that the minimum of 60-cycle signal and minimum 
of 85-cycle signal do not occur at points separated by 90°. Instead, 
this angle is about 60°. From Figure 3 it will be noted that if a pilot 
deviates from his course at A by 25° to the right, the 60-cycle reed 
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will decrease in amplitude until it becomes stationary, while the 85- 
evele reed would vibrate with nearly maximum amplitude at this 
point. If he deviates by 35° in the opposite direction to the left, 
the 85-cycle reed will drop to a stationary position and the 60-cycle 
reed will be vibrating with maximum amplitude. The effect is shown 
in more graphical form in Figure 4, which is self-explanatory. From 
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the operation of the reeds as shown in Figure 4, it is evident that 
the relative amplitudes of the two reeds enables the pilot to judge 
to a large extent as to the number of degrees he has deviated from the 
course either to the right or left and still indicate to him which 
side he is off. This feature of the reed indicator is very useful, 
since it is frequently necessary to make large detours to avoid storms 
or other hazards to flying, in which case the pilot knows at all times 
to what degree he has deviated from the course and how to turn to 
return to it. 

The particular field strength patterns using the two frequencies of 
modulation, as shown in Figure 3, were produced by the certain com- 
bination of conditions at the beacon transmitter. Instead of being 
two figure-of-eight’s oriented at 90°, they produce a much better field 
strength pattern with a strong signal in the direction of the two 
courses and a much weaker one at 90°, thus cutting down interference 
produced by the beacon; also, the slope of the curves at the intersec- 
tion is greater than if they had been circles, thus giving a sharper 
course indication. 

Since very good operation of both the beacon and reed indicator 
was obtained when using 60 and 85 cycles as the modulation frequen- 
cies, these two, were adopted and the reeds designed accordingly. 


III. DESCRIPTION OF SEVERAL TYPES OF INDICATORS 


In order to obtain a satisfactory reed indicator suitable for use on 
aircraft, several models were successively designed and experimented 
with. These various models are designated below as types A, B, C, 
D,E, and F. The type F indicator is the most satisfactory of these. 
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1. EXPERIMENTAL TYPE, WITH MARKER BEACON REED, TYPE 4 


Several forms of this type of indicator were constructed and tried 
out. In this type the reeds are permanently magnetized, the driving 
electromagnets operating on the free end of the reeds. The first one 
was made using the electromagnets from an ordinary telephone 
receiver. One of the indicators constructed in this way is shown in 
Figure 5. For experimental purposes this indicator was made with 
all parts adjustable, which made it somewhat heavier and larger than 
the final instrument. It will be noted that there are two spring-steel 
reeds, the ends of which are placed centrally with respect to the pole 
pieces between which they vibrate. These reeds are permanently 
magnetized and are anchored firmly at one end. The mounting at 
this end is such that the length and position of the reed may be 
adjusted in order to tune it. The final tuning adjustment, which is 
very critical, is made by slightly tightening or loosening the screws 
through the clamps which hold the reeds in place. The tip of the 
reed is provided with a small light vane painted white, so that when 
the reed vibrates a clear white line is produced. The 60-cycle reed 
is approximately 60 mm long, 3.2 mm wide, and 0.28 mm thick. 
The 85-cycle reed is about 50 mm long, 2.7 mm wide, and 0.28 mm 
thick. Reeds of this width were necessary in this model, as they are 
acted upon at their free end by the electromagnets. Since it was 
necessary that these reeds be operated from the output of the radio 
receiving set on the plane, it was necessary that they be sufficiently 
sensitive to give full amplitude of vibration with normal output of 
the receiving set. This was accomplished by using two electromag- 
nets acting push-pull fashion on a magnetized polarizing reed and by 
matching the impedance of the reed coils to that of the last tube on 
the receiving set. When this type of indicator was tried out without 
extra damping, it was found that it required somewhat less than 2 
milliamperes to give full amplitude of vibration. Data taken at 60 
cycles on this indicator showed that it had an impedance of 3,180 
ohms, the direct-current resistance was 2,200 ohms, and 1.78 milli- 
amperes at 60 cycles caused the 60-cycle reed to deflect 1 cm. The 
single reed on the right in Figure 5 is the marker beacon reed, to be 
described in a forthcoming paper. The two extra electromagnet coils 
for operating this reed were not included in the circuit when the above 
measurements of resistance and impedance were mad®. 

The white vane on the ends of the reeds was made as light as possi- 
ble. This was done for two reasons: (1) The greater the weight on 
the tip of the reed the more susceptible it is to the effect of mechani- 
cal vibrations; (2) the lighter the vane on the end of the reed the less 
the mechanical selectivity, since a weight on the end of a tuned reed 
acts like inductance in a tuned circuit, the resonance curve is sharper. 
It is important that the reeds be not too selective, since any slight 
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Fig. 7.— 


-Type B indicator, multi-reed type, with shock-proof mounting 
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change in the modulation frequency at the beacon would result in a 
decreased amplitude of reed vibration, thus causing an apparent 


shift in course. 
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Fic. 6.— Resonance curves for various reeds 


Because of this a study was made of different types of reeds in 
order to obtain one with as high a decrement as possible, yet suffi- 
ciently sensitive. The resonance curves shown in Figure 6 show 
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how the reed characteristics in the type A indicator may be varied. 
Curve G shows the resonance curve for a convenient size of spring 
steel reed without weight on the free end. Curve J shows how the 
decrement of the reed is lessened by slightly weighting the free end. 
H shows the lessening of the decrement by using a reed 1 mm narrower 
in width. Curve L shows how the decrement of the reed used in (} 
is considerably increased by an aluminum foil air damper 22 by 5 mn 
on the free end. ‘This increase in decrement is obtained at a sacrifice 
of sensitivity, since less reed deflection is obtained with more than 
twice the applied voltage. This decrease in sensitivity may be com- 
pensated for by a more sensitive type of indicator, which is described 
later onin this paper. Curve Bshows how the decrement is increased 
when a wider reed of thinner steel is used. Here, again, sensitivity 
is sacrificed somewhat. C shows the effect of using a reed tapered 
from 4.5 to 2 mm, clamped at the wide end. Greater sensitivity is 
obtained, but the resonance curve is too sharp. From these data it 
would seem that for this indicator the reed used in obtaining curve 
G with an aluminum damper on the free end about 9 by 9 mm would 
be the most satisfactory, since it is quite important to have the reed 
as broadly tuned as practicable. Since these data were obtained it 
has been found that a reed only 1.5 mm wide with a damper 8 by 8 
mm is more satisfactory in the later models of indicators. 

The amplitude of vibration of the reeds is very nearly directly 
proportional to the voltage applied to the driving coils. The 85-cycle 
reed is a little less sensitive than the 60-cycle reed. In use this is 
somewhat compensated for by the fact that the audio stages in the 
receiving set are a little more efficient at 85 cycles than at 60 cycles. 

It was later found that with this type of indicator the resonance 
frequency changed with the amplitude of vibration of the reed as 
shown by curve 2, Figure 15. This is due to the fact that the reed 
is driven at the free end, at which end any slight change in the forces 
acting on the reed will result in a change in its natural period. 


2. MULTIREED INDICATOR, TYPE B. 


Another form of indicator, for the purpose of providing one indi- 
cator which would function on any one of four courses, is shown in 
Figures 7 and 8. Figure 7 shows the method of making this indi- 
cator shockproof by suspending it on eight springs. This indicator 
has eight reeds. The two for course D are tuned to 55 and 75 cycles, 
the two for course C to 65 and 85 cycles, the two for course B to 95 
and 115 cycles, and the two for course A to 105 and 125 cycles. 
This combination made an indicator which might be used on any 
one of four courses, A, B, C, or D, which may be sent out from a 
given beacon, provided they are sent on slightly different carrier 
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Type C indicator, with pivoted mounting for 
turning it upside down 
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Fig. 11.—Type D indicator, with shock-proof mounting 





























Type E indicator, nonpolarized rear drive 





Dunmore] Aircraft Radiobeacon Reed Course Indicators 761 


frequencies. Thus, if the pilot is flying on course B, he would 
observe the second set of reeds only, which would be operated only 
by the beacon signal when it is oriented on course B. When the 
signal is oriented on courses A, C, and D, the modulation frequency 
and carrier frequency being changed, B reeds are stationary. This 
type of indicator was found to be rather insensitive due to the 
necessity of using many electromagnets in series for driving the 
eight reeds. This might be overcome by a switching device for con- 
necting in circuit any one set of two driving coils. 


3. SINGLE-COIL REED INDICATOR, TYPE C 


This type of indicator differs considerably in design from the ones 
described and was made in the attempt to obtain an indicator of 
greater sensitivity. It is shown in Figure 9. Figure 10 shows the 
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Fria. 10.—Principle of design of type C indicator 


details of construction. The reeds are not magnetized in this indi- 
| cator, but both vibrate in the center of the coil of about 12,000 turns 
of No. 28 enameled wire. The reeds are of spring steel, but the ends 
within the coil have attached to them a little strip of corrugated soft 
iron about 1 inch long cut from a telephone receiver diaphragm. The 
magnets from the telephone receivers are placed at the free ends of 
the reeds. The polarity of the soft iron tips follows that of the 
alternating flux within the coil which carries the 60 and 85 cycle fre- 
quency. As these soft-iron tips are within the field of permanent 
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magnets, they are attracted and repelled with the changing flux, 
causing the reeds to vibrate. This type of indicator gave a deflec- 
tion of the 60-cycle reed of 13 mm for 1.45 mils of 60-cycle current in 
the coil. This deflection was without damping. It has an impedance 
at this frequency of 5,030 ohms and a direct current resistance of 
3,100 ohms. This indicator was made shock proof by mounting it in 
a box lined with light sponge rubber. It was found that the rego- 
nance frequency of this indicator changed considerably with ampli- 
tude, as shown by curve 3, Figure 15. 

During the early trials of these indicators in actual flight tests a 
rather troublesome feature was found regarding the use of the reed 
type of visual indicator, since the pilot was required to turn in the 
direction of the shortest reed to get back on the course when flying 
away from the beacon, whereas he was required to turn to the longest 
reed when flying toward the beacon. This effect was very confusing, 
since it required some memory work on the part of the pilot. One 
plan devised to eliminate this trouble was to make the visual indicator 
unit such that it could be readily removed from its socket and 
turned upside down when the pilot is making the return trip; in this 
way the longest reed always indicates the side to which the pilot is off 
the course, whether the pilot is flying toward or away from the 
beacon. In the type C indicator, as shown in Figure 9, the reed case 
is mounted on a ring so that it may be turned upside down by rotating 
it through 180°. 


4. PLUG-IN TYPE OF INDICATOR, TYPE D 


An aircraft instrument must be as small and light as possible. The 
reed indicator shown in Figures 11 and 12 was made in the attempt 
to produce an indicator which would be flexible in its use, sensitive, 
light, small, and cheap. This indicator is of the magnetized reed 
type similar to the type A indicator, only much smaller and lighter 
and without the marker beacon reed. It was made before the dis- 
advantages of the type A indicator were found out. It has many 
refinements in mechanical design, however, which were incorporated 
in the later models. Four driving coils similar to those used in the 
type A indicator are used in this indicator. Figure 11 shows the 
indicator in position in its shock-proof case, and Figure 12 shows the 
case and indicator removed. The indicator has twe plug terminals 
and the case two sockets permanently connected to the receiving set. 
Iu this way the indicator is automatically connected to the receiving 
set when it is plugged into its shock-proof case. The case is designed 
for panel mounting. Figure 21 shows the indicator mounted on the 
instrument board ofan airplane. The words ‘‘ From Beacon”’ appear 
right side up, and the words ‘“‘To Beacon” upside down, showing that 
it is plugged in for a flight from the beacon. The indicator weighs 





sds Aircraft Radiobeacon Reed Course Indicators 763 


¥ pound without the shock-proof mounting, and is 15 by 23 by 33% 
inches. With the mounting it weighs 114 pounds and is 3% by 234 by 
44% inches. As it has but two reeds, it may be used only on one air 
route, but since it is of the plug-in type it may readily be removed 
from its shock-proof mounting and a similar indicator plugged in with 
reeds tuned to the course frequencies of whichever route the plane is 
to fly over. This type of plug-in indicator has several advantages 
over the multireed type of indicator. It may be made much smaller 
and lighter. It is more sensitive, since there are but two reeds to be 
operated. It may be easily removed from circuit for inspection. It 
may be quickly plugged in upside down when making the return trip. 
Any number of different courses may be flown by plugging in an indi- 
cator tuned to the desired course frequencies, since it is possible with 
an indicator as selective as the reed indicator to have the beacon serve 
several courses simultaneously by using modulation frequencies 
separated 20 cycles for each course. 

The shock-proof mounting is made by suspending an aluminum 
box on springs at its eight corners. The indicator plugs into the 
front end of the box which is open. A catch is provided for holding 
itin. A stop on the rear prevents the springs from being stretched 
unduly when the indicator is plugged in or pulled out. This stop 
has plenty of clearance in order to give free movement to the case 
holding the indicator. 

The reeds of this indicator may be calibrated for equality of deflec- 
tion either by shunting one driving magnet coil with a resistance or 
by bending an aluminum damper on the reeds so as to give greater 
or less damping. 


5. REAR-DRIVE, NONPOLARIZED INDICATOR, TYPE E 


This indicator (shown in fig. 13) was designed to overcome some of 
the disadvantages of the previous types. It is the same size as the 
type D indicator, so that it will plug into the same shock-proof 
mounting. It is somewhat heavier, however. Four driving coils 
similar to those used in the type A indicator are used in this indicator. 
It-is radically different in design, being somewhat similar to the 
commercial type frequency indicator which has a number of reeds 
mounted in a common armature which is actuated by an electro- 
magnet. This design was modified somewhat, since it was found 
that with the two reeds on a common armature there was a noticeable 
reaction between them, since the armature was light in weight and 
the ends of the reeds were not weighted. By putting each reed on 
a separate armature, each armature being actuated by a separate 
electromagnet, this trouble was overcome. The two actuating electro- 
magnets were taken from ordinary telephone receivers. These each 
operate a soft-iron armature to which a reed is attached. The reeds 





764 Bureau of Standards Journal of Research ct 


are only 1.5 mm wide in this indicator. They may be of any desire 
material, since it is not necessary that it be magnetic. The alloy 
‘ elinvar was therefore used for the reeds, since the modulus of elasticity 
of this material is practically independent of the temperature. This 
is a rather important factor, as will be noted from the data show, 
(Fig. 14.) From these data it will be noted that a change in 60° (. 


EFFECT OF TEMPERATURE ON THE. 
ONANCE FREQUENCY OF STEEL & ELINVAR REEDS. 


8 


A =ELINVAR REED, 2" LONG, /8" WIDE, 

0.009" THICK. 

B= SPRING STEEL REED, 2/4" LONG, YB" WIDE, 
0.010" THICK, 
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REED —- DECREES CENTIGRADE 
5 ~» © BS 8 2 3 8 2 23S Bice 
Fic. 14.—Effect of temperature on the resonance frequency of steel 
and elinvar reeds 


59.6 


of a steel reed in this indicator caused its resonance frequency to 
change from 60.20 to 59.78 cycles, whereas with a similar change 
in temperature of an elinvar reed no change in the resonance frequency 
could be noted. For the steel reed, therefore, the change in frequency 
with temperature is 0.0117 per cent per degree centigrade. This 
figure agrees well with the commonly accepted value. Since tempel- 
ature changes of the order of 60° C. are to be expected on aircraft, 
it is evident that the use of this material for the reeds in this indicator 
is an improvement, since it is not necessary to dampen the reed 9 
much in order to hold it in tune with changing temperature. Some 
damping of the elinvar reed, however, is desirable, in order to bold 
it in tune in case the modulating frequencies of the tuning forks at 
the transmitting beacon should drift slightly. 

Another advantage of the type E indicator is that the resonance 
frequency of the reeds in this indicator is not altered by their amp! 





pieewd Aircraft Radiobeacon Reed Course Indicators 765 
tude. It was found that with other types of indicators when the 
driving force was applied to the free end of the reed the natural period 
of the reed was a function of the amplitude. This is shown in Figure 
15, in which curve No. 1 shows no variation in the resonance fre- 
quency of the reed in the type E indicator when the driving force is 
applied to the fixed end of the reed even up to a deflection of 12 mm. 


EFFECT OF AMPLITUDE ON THE. 
RESONANCE. FREQUENCY OF REEDS 
IN DIFFERENT TYPES OF INDICATORS 


NON-POLARIZED REED 
INO)CATOR, TYPE £&.REAR DRIVE. 
2-PROLARIZED REED INDICATOR, 
TYPE. D. FORWARO DRive, 
pr COIL REED 


ec. 
-POLARIZED REED INDICATOR 
PEF. REAR DRiVe. 


“li 
tt 


REED IN m 
0 2 4 6 8 10 I2 


Fig. 15.—Effect of amplitude of vibration of reeds in 
different types of indicators 


However, in curve 2, which is for the type D indicator, a change of 
one-tenth of a cycle was noted for a change in amplitude of the reed 
from 3 to 10 mm. The period of the reed drops with increasing 
amplitude. Curve No. 3 for the type C indicator shows an even 
Worse variation. Figure 16 shows the resonance curves for a 60-cycle 
reed in the type E indicator, with and without damping on the reed. 
Different voltages were used on the reed coils for each resonance curve. 
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TYPE E INDICATOR. 
EFFECT OF DAMPING. 
A-NO DAMPING. 
B-5x5 mm DAMPER. 
Cc ~11*ilm mw DAMPER. 
REED 1.4. WIDE - 0.35 mmTHICK 


FREQUENCY IN CYCLES PER SECOND 
59 


Fia. 16.—Resonance curves for the 60-cycle reed in type E indicator with different 
damping 


TYPE E INDICATOR. EFFECT OF DAMPING 


A - NO DAMPING 

B-5x5mm DAMPER 

C -j1xlimm DAMPER 

REED 1.4mm WIDE. 0.35 mm THICK 
53mm LONG 

REED TUNED TO 60~ 


VOLTAGE. LS 
4 


Fig. 17.—Voltage required to operate 60-cycle reed in type E indicator with 
different damping 








Aircraft Radiobeacon Reed Course Indicators 767 


Dunmore] 


Figure 17 shows the voltage required to operate the reeds with and 
without damping. 

A disadvantage of this indicator is that, due to the untuned arma- 
ture, it is not as free from the effects of bad interference as is the 
other types of indicators. 

It is important with the type E indicator to have sufficient spring 
tension on the spring holding the soft-iron armature and sufficient 
clearance between the armature and pole pieces so that with a strong 
interfering signal the armature, which is not tuned, will not chatter 
against the pole pieces. This trouble can not occur in the other 
types of indicator, since the only moving element is the reed, which, 
being tuned, will not respond to the interfering signal. This spring 
stiffness and large clearance between armature and pole pieces in the 
type E indicator reduces its sensitivity to nearly that of the type D 
indicator, but it is requisite in order to obtain satisfactory operation 
of the reeds under practical operating conditions on the airplane. 


6. REAR-DRIVE, POLARIZED REED, TYPE F 


It had been noticed in the early experiments with the type A 
indicator that a permanent magnet, when correctly located near the 
reed, tended to polarize it, giving it a greater amplitude of vibration. 


TYPE F INDICATOR. EFFECT OF DAMPING. 


A-NO DAMPING 

B-5*Sm=wew DAMPER 

C-I1*Ilaw mw DAMPER 

REED 1.4.» WIDE. 0.35 mm THICK 
53mm LONG. REED TUNED TO 60~ 


RS; a Va ee 
ACROSS cos (4 er LS) 


1.0 20 3.0 40 
Fic. 19.—Voltage required to operate 60-cycle reed in type F indicator with 
different damping 


This feature was made use of in the type F indicator, as shown in 
Figure 18, in which two permanent magnets, A and B, strongly 
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polarize the portion of the reeds directly under the driving electro. 
magnets. These four electromagnets are similar to those used in the 
types A, D, and E indicators. This greatly increased the sensitivity, 
In addition to this, since the driving force is applied near the fixed 
end of the reed, the resonance frequency is practically independent of 
the amplitude, as shown in curve No. 4. (Fig. 15.) Due to the 
nature of the drive, being push-pull as in the type A indicator, the 
selectivity of the type A indicator is preserved in the type F indicator, 

Since in this indicator it was necessary to use-a magnetic material 
for the reed in order to polarize it, the metal elinvar could not be 
used as it is only slightly magnetic. It was found possible to use 
steel, however, since a method was devised for automatically correct- 
ing for the change in natural period of a steel reed due to change in 
temperature by the use of a small strip of bimetallic material soldered 


* 


TYPE F INDICATOR 
EFFECT OF DAMPING ON 
SHARPNESS OF RESONACE 


A- NO DAMPING 

B- 5*5mm DAMPER 
C-)i*lim m DAMPER 
REED 1.4mm. WIDE, O.3mm 
THICK. 53mm LONG. 
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FREQUENCY IN PER SECOND 
58 59 60 
Fig. 20.—Resonance curve for 60-cycle reed in type F indicator with different 
damping 


to the free end of the reed. This strip is shown at C, Figure 18, 
and is so placed that it bends toward the fixed end of the reed as 
the temperature increases. With the proper weight on the end of 
this bimetallic strip this bending increases the natural period of the 
reed an amount equal to the decrease in the period of the reed due 
to a change in Young’s modulus. Thus the steel reed is held in tune 
over the complete range of temperatures which might be encountered 
on aircraft. The great improvement in sensitivity of this indicator 
is shown in Figure 19. Figure 19 shows the reed deflection in mill- 
meters plotted against the voltage across the reed driving coils for 
different sized dampers on the end of the reed. Figure 20 shows 
the resonance curves for the 60-cycle reed in this indicator under the 
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same conditions of damping. Different voltages were applied to the 
reed coils for each curve. From Figure 19 it will be seen that even 
with the greatest damping, which feature, as stated before, is desirable, 
it is possible to obtain a proper working deflection of 8 mm with only 
36 volts applied to the reed indicator driving coils and only 1 milli- 
ampere in these coils. This is an improvement over the operation 
of the type E indicator which, as shown in Figure 17, required approxi- 
mately 7 volts to give the same deflection under the same conditions 
of damping. Externally the type F indicator looks like the type D 
indicator shown in Figures 11, 12, and 21. It plugs into the same 
shock-proof mounting. 


IV. CONCLUSION 


The results obtained, in general, with the reed indicators in actual 
airplane flights are given in the paper? referred to at the beginning 
of this paper. Figure 21 shows the visual indicator installed on the 
instrument board of a De Haviland plane. It is connected in place 
of the headphones on a 6-tube receiving set installed in the tail of the 
plane. From the flights made on the radiobeacon course under 
various conditions, designs of reed indicator and shock-proof mount- 
ing were worked out. These flights showed that when ignition inter- 
ference made aural reception almost impossible the reeds functioned 
satisfactorily, owing to their insensitivity to any frequency other 
than that to which they are tuned. For the same reason, other 
stations, such as the marine beacons, did not interfere with the 
operation of the reeds, the audio modulation of their signal being 
1,000 eyeles, while with aural reception trouble was often experienced 
from this source. One of the most valuable features of the reed 
indicator is the fact that it gives a continuous indication to the pilot 
of his position with respect to the course. This indication is obtained 
without any other effort than a glance of the eye. This feature is 
particularly valuable, since in time of fog, when the device is most 
needed, the pilot is very much occupied and can only glance at a 
course-indicating device occasionally. 

The author is indebted to H. Pratt for helpful suggestions in con- 
nection with the design of the magnetic circuits in some of the indi- 
cators. Acknowledgment is due R. R. Gessford and D. O. Lybrand 
for constructing the indicator models and for suggestions pertaining 
to their mechanical design. 


Wasuineton, September 15, 1928. 





? See footnote 1, p. 752. 
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THERMAL EXPANSION OF MAGNESIUM AND SOME OF 
ITS ALLOYS 


By Peter Hidnert and W. T. Sweeney 


ABSTRACT 


This paper gives data on the linear thermal expansion of 6 samples of cast 
and extruded magnesium and 11 samples of cast and extruded magnesium alloys 
(magnesium-aluminum and magnesium-aluminum-manganese alloys). The 
samples of magnesium were investigated over various temperature ranges 
between —183° and + 500° C. and most of the alloys between room temperature 
and 300° C. 

Three types of apparatus were used in this research, and a summary of avail- 
able data by previous observers on the thermal expansion of magnesium and 
some magnesium alloys is given. 

The following average equation represents the expansion of magnesium be- 
tween 20° and 500° C.: 


L,=L, [1+ (24.80 t+ 0.00961 #) 10~*] 


The coefficients of expansion of extruded magnesium and the alloys investigated 
are slightly less than those for the cast materials. A comparison of the average 
expansion curve obtained in the present investigation on magnesium, with data 
from previous observers, is shown graphically. 

The relations between the chemical composition and the coefficients of ex- 
pansion of the magnesium alloys are shown in a figure. The addition of 0 to 
10 per cent aluminum to magnesium causes practically no change in the coeffi- 
cients of expansion. Small additions of manganese (0.9 and 0.3 per cent) to 
magnesium and magnesium-aluminum alloys cause slight changes in the coef- 
ficients of expansion. 

The table in the summary gives a comparison of the average coefficients of 
expansion of the materials investigated. 
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I. INTRODUCTION 


This paper gives the results of an investigation on the lines 
thermal expansion of pure magnesium, magnesium-aluminum alloys, 
and magnesium-aluminum-manganese alloys. Magnesium, the 
lightest structurally used metal, and its alloys are coming into 
greater prominence for materials of construction where low density 
and strength are important factors; for example, in aircraft manv. 
facture and for moving parts of gasoline engines. 

The earliest available observations on the thermal expansion of 
magnesium were those by Fizeau in 1869. However, up to the present 
time no data on the expansion of the alloys mentioned were available, 

In the present investigation expansion determinations were made 
between —183° and +500° C. Six samples of cast and extruded 
magnesium were examined over various temperature ranges between 
— 183° and +500° C. and 11 specimens of cast and extruded magne. 
sium alloys between room temperature and 400° C. The maximum 
aluminum content of the magnesium-aluminum alloys is 10.4 per cent, 
and the maximum aluminum content and maximum manganese 
content of the magnesium-aluminum-manganese alloys are 4.1 and 
0.9 per cent, respectively. 

The authors wish to express their appreciation for the cooperation 
by the American Magnesium Corporation, Niagara Falls, N. Y., and 
Aluminum Co. of America, New Kensington, Pa. The former 
furnished the samples of magnesium and magnesium alloys and 
information about the preparation, and the latter company analyzed 
the samples used in the investigation. Acknowledgment is due to 
H. W. Bearce, Wilmer Souder, and H. W. Gillett, of the Bureau of 
Standards, and J. D. Edwards, of the Aluminum Co. of America, 
for valuable suggestions. 


II. PREVIOUS DETERMINATIONS 


The results obtained by previous observers on the thermal expan- 
sion of magnesium and some magnesium alloys are summarized in 
Table 1. In this table, a, represents the instantandous coefficient or 
rate of expansion at ¢° C., L, represents the length at ¢° C., and L, the 
length at 0° C. For additional information the reader should refer 
to the original papers. 






Hi 


Su 


observers 


70UsS 


stum and magnesium alloys by prez 


Summary of expansion data on 


*81q8} JO PUS 48 Sej0TjOOT 
|"""" (4q3no0iM) mMyseuseyy }) 
) npeusere oe6t n WeUIspOH 
ci [eo MOT | GIGI | “n WOUpry pus Jepnog 


‘SayuUTseq oy} 46 Wey} JozI0YS 4Ue0 Jed 10°90 SBA R ge a 
ueureds 94} 380} 64} JO pue ey} IV ‘ZUT}BeY UO O .008+ PUB .¢9— TeEm 
@AIno aowietize phy tA nn saytoo0 uo oubeyea see “04 [v-OT (206800°0-+780°S%) +197 =*T 


“GO OYL “°T 200000°0F SI “7 JO JOII0 efqeqold ey 


(7880) 9 UMjseuse ¢ Heupig 








*queysuoo AyoyeulTxoidde st yeoy Oyioeds 
OBVIJOAV OY} PUB UOIsUBdxe JO JUETOGJe0O o#vIEAB 
OY} JO O1FBI O42 VY} POMOYS g UESTEUDI_) sesuvI 
einjeleduie} OM} JOg “yue0 Jod { Ayeyeurrxoid 
-de st Aovinooe oa L ‘umulyeid jo uosuvdxe ey} 
qj wostreduroeo Aq peuTulIe}ep SBM UOTsUBdxe OU], 

(‘e3uB1 oINnjze1 

M10} ~OUIVS OY} JO} o OTXT'ES SI ¢ UMUTUINyS end 
JO wosuvdxe jo JUeIOGje0o eS¥IJOAG OL) ‘UIs 
~eUZBUI JUeO Jed g] yNOgGs ITM AOTye eseq-taNUTMINLy 





RRR AASAARAANNNARRARSNAR 


$38 





‘O OF PUB CT 
WeeMjOG »-01[(08—7)¥90°0+-90'9z] =D 


§ 
<x 
= 
3 
& 
= 
= 
~_ 
— 
2 
= 
Ss 
= 
S 
= 
— 
8 
= 
S 
= 


SBRLRSRe 
SRSSRSRR 


x 





eee o3uel 
SHIBUIOY uorenbe uolsuedx Raul emmjesed u19} B11018 I0AI09 

; ' * jo 10 J spdcasig oe S665 
-Ty909 -vlsd W18,J, 


























Bier | 
Sweeney 


S4aasasqgo snoraaid fiq sfiozJD wnisauBbBoUu puv unisaubBou uo DJUpP UOorsuDdxra fo hapmung 





> 
} 
> 
LQ 
Re 
> 
—S 
S 
= 
= 
oO 
“> 
2 
+ 
3 
3 
= 
3 
—_ 
a) 
— 
1 
8 
8) 
= 
m 


*qu900 Jod ¢ UZ put ‘oT Ig ‘¢ Gq ‘ST IN ‘F UI ‘ET 

NO ‘9 PO ‘LIV ‘SMOT[O] Sv o10M UINTSOUZeUI 07 PEpPps S[BJeUI OY} JO $}Ue}N00 UINUIIxeUl 
eu,L °9383S pelvouue puv UAMBIP 94} Ul Se[dures UO epeU O1OM SUOI}JBUTUTIOIIG zz 
“9Z6I ‘Ze “d ‘eet ‘snpueY SeyduIOH ‘Jel]ezeqO YT puB UIAV}I0g jz 
"9C6I ‘Zzg “d “z ‘HISAYd ag hp os AN} WYOsHoZ “ZUQue’ og 

‘20€ “d ‘9FE “ON IBMOMND *g “@ InsuOD 

UOMSVULIOJU! [VUOT}IPpe JO, “AO[TS UINISSUSeUI-UINUTWIN]S Ue SI U0I4OETO YBY3 S9zVIS YOSICE 
“AuvUlIey “PY 8 WNjyURIY ‘UOIZYS[Y-Weysey YUQvy wusyosimeyH wo, gy 
"IZ6l ‘e2z1 “dd ‘g ‘AISA IMJ lrqosyW9Z ‘YOST ¢1 
“qostq, AQ pesn Se [elJE}VUI OUIBEY ,1 
*JoaIesqo AQ UIAIZ BVP MOY poyNdur0y 9 
“s-OI X6'E 03 BE “OD 00% 38 GOULISISEI [G911}99[9 JO JUSTOYZO0O oINGBIOdUIA,L, gf 
“IZ6I +291 “d ‘g “HISAY IN} Wylayosteg ‘TeeqoS 
‘OC6I 812 “d ‘ST ‘MOLAoY [woIskyg ‘UBUIZpOR ex 


se3e3s AUvdul0o oy, “QOL ‘PpuBlLpryy ‘0; 1 
6161 Ul SplspuLig JO NveINg 943 38 peuleiqgo Byep peysliqnduy n 
‘OD 0% 38 gulo/3 LELT SBA TOIZBSI}SCATI oq} 
e10jeq ejdures oy} jo Aysuep 9, ‘S8dBI} UBY} GOUT JOU Ul jJueseld SjyUeUTOTe 10430 
+peqoejep 40 Y ‘BD “UZ ‘US “dd ‘OD ‘IS ‘80813 SEPLIOTYD *80°0 OA ‘80°0 ND ‘68°66 FIN o 
“GIGI *APSIOATU() WOWUTYSYM 941004) ‘SISEY,L, ‘WOUPTH 6 
“OI6T ‘¢9 “d ‘ge ‘HISAY JOp UeTeUTY ‘UeSTEUTID ¢ 
*(Auemiiey) Ul) UMeqIyey “A “Vy “O Woy , 
“O16! ‘eg “d “gg “YISAQg Joep UsTeuUY ‘UesToUTIDH 9» 
“geo'z Aysueq *3u90 Jod g0°0 ND ‘OF'0 94 “TL'O IS ‘IL'ZI BIW “68°SR TV ¢ 
“1061 ‘Iz “d “397-"qooy, eYyosynog ‘uezeyypeig + 
“(S261 *269 “d “6) L6b “ON Jod¥g “PS *§ “g “WoUpIH ¢ 
"S681 ‘269 “d “gp ‘ofureyD pun HISAY_ Joep UefeUTY UULTIEPO! AA ‘73IOA ¢ 
“698I :9% “d ‘(88T) 
QI “MeqD ‘Nn ¥IShyg “P “UUW “330g JO ‘g9gT ‘ezIT “d ‘gg “Pusey “dui0D ‘nvezty ; 





“U@AIZ OJOM TOISUBdxe HO BBP 
GATIVI}UCND ON “WONNTOS PIjOS oyy JO FTUITT OU} 
UvY} SSE] ST JWe}MOO UINUTUINY]S 8y} JI ‘UIMUTUINyS JO 
UWOT}IPps 04} Aq Pesveloep OST SI LAINISeUZeUI JO UOTS 
-uBdxe eu,L ‘woorpIs Ayjejedse pue ‘jeyoru ‘1addoo 
Aq pesveloep pu’ pve, pues oUIz JO UOTIppe oy Aq 
pesveloul SI 4y + “uINseusvur ond 30; 4ey4 03 yenbe 
Ajivou Ss] SAO][V UINIseuseUI JO UOTsSUBdxe [eUIEY3 OU,L 
“un! UI 4SBd JO 
uoysuRdxe oy} Uey} Ssser A[IGSIIS St ("OD 00% 38 19}0UIB 
-Ip ‘UIUI ¢°¢ 03 OT WO] UMBIP) UINISeuseUT PexIOM 
JO uojsuvdxe 043 *O OF 0} 0% WOIj OSUBI CY} JOq 


"O .008 PUB 0 19044 
OQ [9-01 (c799T00'0+740 82) +11°7 ='T 


‘ezjnyos pus yosiq Aq Bywp 04} “O 0009 PUB .0% TeEM3 
woy jeeqog Aq peallep sva UOTeNbe UojsuBdxe O4,LJ) -Oq [9-01 (2298600'0+720°S2) + 1]°7 ="T 


| 
| 


“191 
“"""= "2. sKOl[e UINIseUsB I 04840 eT pus wyAeHOd 





| 





AAACHOAMCOW SH 
SHRSSSRKREKKK 
SRESSSRSSSSEs 
Sessssssssssss 
°“ RRRRRRRRRROSSO 





Xeeeseeeeeeec¢e 
--—= ee 





SYIVUIEY uoienbe uolsuedx 7 





aE 


sod 
uolsuedxo 
qeeuty 
JO Juelo 
“909 


esuel 


o1nyesed 194 [elseqe yy o1eq 19A108QO 




















penur}zu09—suaaiasqo snoweasd fiq shoyv wnisaubou pun wnisoubpw uo vp uorsuvdze fo hupmumng—| wavy, 








Fused quartz tube 


expansion apparatus 











Fig. 1. 


*‘WINUIUIN]S Jueo Jed o°R Ale PeUITXC 
ys Auvduioo ey, “GOW ‘PUsIPpIW 





B. S. Journal of Research, RP29 

















_id 

















Hidnert Magnesium and Some Magnesium Alloys 775 
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III. MATERIALS INVESTIGATED 


The samples investigated are classified into three groups, as given 
in Table 2. This table also gives the chemical composition of the 
amples of magnesium and magnesium alloys. 

The pure magnesium and the magnesium content of the alloys 
were of exceptional purity. The magnesium was made by the elec- 
trolysis of magnesium oxide dissolved in a fused fluoride bath and was 
subsequently purified by the sublimation process developed by 
H. E. Bakken, United States Patent 1594344, August 3, 1926. 


TaBLE 2.—Chemical composition of magnesium and magnesium alloys 





Chemical analyses ! 





Material Sample * Aare 9 : Treatment 
agne-| Alumi-|Manga- 
sium?} num nese Silicon 





Per cent| Per cent t 
() (*) ’ ’ Extruded at 410° C. 
1269 


1269 I . q ‘ ‘ F Cast in vacuum furnace at 
Magnesium 1269A4 665° C. 


asl : : . . . }extruded at 425° C. 


1271 
1272 


Extruded at 350° C. 
Cast ye eae furnace at 


Extruded at 330° C. 
Cast in vacuum furnace at 
oO 


Extruded at 330° C. 
Cast in yacuum furnace at 
680° C 


ie at 330° C., held 


So 


1273 
1274 
Magnesium -alu- 

minum alloys. |}1275 
1276 


SB BSR £8 


— 


1277 
1277A 


at 425° C. for 8 hours, 
quenched, and then aged 
at 175° C. for 72 hours. 





88 88 88 88 


Extruded at 390° C. 

Cast in vacuum furnace at 
690° C. 

Cast at 670° C. 


1278 5. , ° - 014 
1279 5. 6 ° - 018 


1280 , . 91 - 004 


minum-manga- 
nese alloys. 





8 88 88 82 88 8 


Magnesium - alu- | 























| 


! The analysis on sample 1268A was made by J. P. Hancock, of this bureau, and the analyses on the other 
samples were made by the technical direction bureau, Aluminum Co. of America. 

* Per cent magnesium determined by difference. 

' Not detected. 

‘ Duplicate of sample 1269. 

' Duplicate of sample 1270. 





IV. APPARATUS 


Three types of equipment were used in this research, namely: 
(1) Precision comparator;! (6b) interferometer;? (c) fused-quartz 
tube. 

Types (a) and (6) are described in previous bureau publications. 
A short description of (c) follows: 

A fused-quartz-tube apparatus was used in some determinations 
of the expansion of magnesium between — 183° and +20° C. The 
authors have improved this type of apparatus from a similar type 





‘Souder and Hidnert, B. S. Sci. Paper No. 524 (21, p. 1; 1926). 
‘Peters and Cragoe, B. S. Sci. Paper No. 393 (16, p. 449; 1920). 
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used abroad and recommend this type for commercial laboratories 
where data of the highest precision are not necessary. With this 
equipment, which has been used for various temperature range; 
between — 183° and +1,000° C., it is possible to obtain an accuracy 
of better than 2 per cent. A short description of the equipment 
appeared in Technical News Bulletin of the Bureau of Standards 
No. 123, page 2; 1927. 

Figure 1 shows a fused-quartz tube closed at one end, with 4 
sample (20 cm) in place ready for heating or cooling. A movable 
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Fia. 3.—Linear thermal expansion of cast magnesium 
(99.99 per cent) from — 183° to +300° C. 


fused-quartz rod rests on top of the sample and extends above the 
open end of the tube. The bottoms of the tube and the movable 
rod are ground concave and the ends of the sample convex in order 
to secure satisfactory contacts. The top of the movable rod, on 
which an indicator gauge rests, is flat. Heating is effected by placing 
the tube containing the sample in a water or oil bath or electrical 
furnace (fig. 2) extending well above the top of the sample. Low 
temperatures are secured by using proper cooling baths. In the 
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present investigation liquid oxygen was used. A thermocouple 
placed inside the fused-quartz tube near the center of the sample 
indicates the temperature. An indicator gauge fastened near the 
top of the tube registers the differential expansion between the sample 
and an equivalent length (20 cm) of fused quartz. A small correc- 
tion for the expansion * of fused quartz is made. 

Figures 1 and 2 show the fused-quartz-tube apparatus and auxiliary 
equipment. 





| 2000—e! - 


SION IN MILLIONTHS 


z 











Pe pee eee aoe nd 


TEMPERATURE 
Fia. 4.—Linear thermal expansion of cast mag- 
nesium (99.99 per cent) from 20° to 500° C. 


V. RESULTS 


The results obtained on magnesium, magnesium-aluminum: alloys, 
and magnesium-aluminum-manganese alloys are given in the following 
subsections. The expansion curves of all samples investigated are 
shown in figures. In all cases the coefficients of expansion were 
derived from the observations on heating. 





‘Souder and Hidnert, B. 8. Sci. Paper No. 524 (21, p. 1; 1926). 
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1. MAGNESIUM 


The linear thermal expansion of six samples of magnesium cop. 
taining about 99.99 per cent magnesium were investigated over various 
temperature ranges between — 183° and +500°C. Since preliminary 
work on small pieces of magnesium showed that this metal oxidized in 
air at about 550° C., the maximum temperature of the expansion tests 
did not exceed this temperature. 
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TEMPERATURE 


Fic. 5.—Linear thermal expansion of extruded 
magnesium (99.996 per cent) 





The results obtained on cast and extruded magnesium are shown in 
Figures 3 to 7, inclusive. The coefficients of expansion which were 
derived from the expansion curves are given in Table 3. The last 
column in this table shows the differences in length before and after 
the expansion tests. The plus (+) sign indicates an increase in length 
and the minus (—) sign a decrease in length. 
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Table 4 gives expansion equations for samples 1269, 1269 I, 1269A, 
and 1268A. These equations were derived, by the method of least 
squares, from the observations on heating. AL represents the expan- 
sion or change in length from 20° C. to any temperature ¢ between 
20° and 500° C., LZ, represents the length of the metal at any tem- 
perature ¢ between 20° and 500° C., and L, the length at 0° C. 


TaBLe 4.—Expansion equations of magnesium 





Test , : Probable 
Sample No Expansion equations ara ¢. 
i or 








XL 
AL=25.50 (t—20) 10-*-+0.00871 (t—20)? 10-8 ° 
Ly= Le [1-+(25.15 t+0.00871 £2) 10-4] } =£0. 000022 


AL=25.15 (t—20) 10-*+-0.01021 (t— 20)? 10-6 
Ln= Lo [14+-(24.74 t+-0.01021 t?) 10-6] zt. 000007 


Extruded: 


| Pee Sterner eae xt. 000025 


In= Lo [14+-(24.46 t+-0.00982 2?) 10-¢] 


AL=25.26 (t—20) 10-*-+-0.00971 (t—20)? 10-* 


(ent (t—20) 10-®-+-0.00982 (t—20)? cg AOA 
(eer [1+-(24.87 t+-0.00971 t?) 10-6] 














The following average equations may be given as the most probable 
second-degree equations for- the expansion of cast magnesium and 
extruded magnesium between room temperature and 500° C.: 

Cast magnesium: 
L.=L, [1+ (24.94 t+ 0.00946 #2) 10-] (1) 
Extruded magnesium: 
. L,=L, [1+ (24.66 ¢+ 0.00976 ¢) 10~*] (2) 
Average of equations (1) and (2): 
L,=L, [1+ (24.80 #+0.00961 #) 107] (3) 

The average coefficients of expansion for various temperature 

ranges given in Table 5 were computed from equations (1), (2), and (3). 


TABLE 5.—Average coefficients of expansion of magnesium 





Average coefficient of expansion 
per °C. 





Temperature range (in °C.) at 


Cast | Extruded | 
magnesium} magnesium) 4Verage 
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The coefficients of expansion of extruded magnesium are slightly 
less than those for cast magnesium. Jubitz‘ also found that worked 
magnesium expands slightly less than cast magnesium. The largest 
variation in the coefficients given in Table 5 is 0.3 x 107, 

The instantaneous coefficients or rates of expansion of cast magne- 
sium and extruded magnesium from 0° to 500° C. are shown in 
Figure 8. The coefficients increase with temperature. The greatest 
variation (0.3107*) in the rates of expansion of the cast and ex- 
truded metal occurs at 0° C. Above this temperature the variation 
decreases with temperature. 
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Fig. 8.—Instantaneous coefficients of expansion of magnesium 


Figure 9 shows a comparison of the average expansion curve 
obtained in the present investigation on magnesium, with data from 
previous observers. The curve was derived from equation (3) and 
the data at low temperatures. The values of nearly all observers 
show good agreement. 


2. MAGNESIUM-ALUMINUM ALLOYS 


Eight samples of magnesium-aluminum alloys containing various 
percentages of aluminum (4 to 10 per cent) were investigated. Al 
samples except 1277A were investigated by the precision-comparato! 


— 





‘See Table 1, p. 773. 
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method (bath) from room temperature to 300° C. The interference 
method was used for sample 1277A from room temperature to 400° C. 

Figures 10 to 13, inclusive, show the observations obtained on the 
magnesium-aluminum alloys. The expansion curves of all samples 
except 1277 and 1277A are regular. The curves for samples 1277 
and 1277A which received special heat treatment,’ show critical 
regions above 200° C. 





OBSERVER DATE 
FIZEAU = 1889 
“VOIGT 1893 
CRONEISEN 1910 
HIDNERT 1919 
HODGMAN 1920 
DISCH 1921 
SCHULZE 1921 
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Fic. 9.—Comparison of the average expansion curve 
obtained in the present investigation on magnesium 
with data from previous observers 


The average coefficients of expansion given in Table 6 were derived 
from the expansion curves of the magnesium-aluminum alloys. This 
table also indicates the differences in length before and after the 
expansion tests. The plus (+) sign signifies an increase in length 
and the minus (—) sign a decrease in length. 





5 Extruded at 330° C., held at 425° C, for 8 hours and quenched, and then aged at 175° ©. for 72 hours. 
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TEMPERATURE 


300°C. 


Fic. 12.—Linear thermal expansion of magne- 
sium-aluminum alloys (10 per cent alumi- 


num) 


TABLE 6.—Average coefficients of expansion and length changes of magnesium 
aluminum alloys 





Sample 


1276... 
1275_._| 





Treatment 


Average coefficients of expansion per °C. 





Change 
in length 
due to 
heat 
treat- 
ment 
received 
during 
test 





10. 04 
10.19 
10. 35 





Cast in vacuum ys ee at 680° C. 


Extruded at 


Cast in vacuum furnace at 680° C_ 
Extruded at 330° C., held at 425° 


C. for 8 hours, quenched 
then aged at 175° C. for 72 


Peter we 1477 6515. Jstdissanas ball 
Cast in vacuum furnace at 680° C_ 


Extruded at 330° C 





and | 
hours.| 
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x 
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! Values on this horizontal line were obtained on 8 second heating. 


1 From 20° to 250° C. 
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An examination of Table 6 shows that in every case except one 
the coefficients of expansion of the extruded alloys are slightly leg; 
than the coefficients of the cast alloys. The coefficients of expan. 
sion increase with temperature, except for samples 1277 and 1277,, 
which indicated critical regions. (Fig. 13.) Sample 1277 showed 
the greatest change in length at the end of the tests. 
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Fic. 13.—Linear thermal expansion of magnesium- 
aluminum alloys (10 per cent aluminum) 


Extruded at 330° C., held at 425° C. for 8 hours, quenched and then 
aged at 175° C. for 72 hours 


It is interesting to note that for the range from 20° to 300° C. the 
coefficients of expansion of these magnesium-aluminum alloys ar 
practically the same as the coefficients of expansion of aluminun- 
copper alloys ° containing from 4 to 12 per cent copper. From the 
point of view of expansion there is therefore no gain or loss in sub 
stituting magnesium-aluminum alloys for aluminum-copper alloys 
used in pistons. 


6 Hidnert, B. S. Sci. Paper No. 497 (19, p. 697; 1925). 
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Figure 14 shows the relations between the chemical composition 
(per cent aluminum by weight) of the magnesium-aluminum alloys 
and the average coefficients of expansion for three temperature ranges. 
The values for 0 per cent aluminum or 100 per cent magnesium were 
taken from the previous subsection. This figure also includes data 
on magnesium-aluminum-manganese alloys, which will be discussed 
in the following subsection. For any temperature range indicated 
in the figure, the coefficient of expansion is practically constant 
for the magnesium-aluminum alloys containing from 0 to 10 per cent 
aluminum. ‘The curves show, as was noted before, that the coeffi- 
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Fig. 14.—Relations between the aluminum content and the coefficients of expan- 
sion of magnesium-aluminum alloys, and some effects of small additions of 
manganese to these alloys 
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cents of expansion of the extruded magnesium-aluminum alloys 
are slightly less than the coefficients of the cast alloys. 

For a comparison of the constitution of the magnesium-aluminum 
alloys and the coefficients of expansion the reader should refer to 
Figures 14 and 15. The latter figure shows a portion of the mag- 
nesium-aluminum equilibrium diagram determined by Hanson and 

ayler.’ According to the diagram, magnesium retains about 11 
ber cent aluminum in solid solution at 435° C. and the solubility 
decreases slightly as the temperature falls. Experiments * conducted 
by the Aluminum Co. of America indicate that the solubility de- 





"Hanson and Gayler, J. Inst. of Metals (London), 24 (No. 2), p. 201; 1920. 
‘Handbook on Magnesium, American Magnesium Corporation. 
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creases more rapidly with falling temperature than is indicated 
by the diagram of Hanson and Gayler. The phase 4 is a solid soly. 
tion of aluminum in magnesium, and y is the next phase produced 
by the addition of aluminum to 6. Opportunity for heat treatment 
by solution quenching and precipitation hardening exists in magesiun.- 
aluminum alloys containing about 10 per cent aluminum. (See 
fig. 13.) The relation between the chemical composition and the 
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Fic. 15.— Equilibrium diagram of magnesium-aluminum 
alloys (after Hanson and Gayler) 


coefficients of expansion for each temperature range shown in Figure 
14 is approximately linear. 


3. MAGNESIUM-ALUMINUM-MANGANESE ALLOYS 


Three samples of magnesium-aluminum-manganese alloys co- 
taining less than 1 per cent manganese were investigated by the pre- 
cision-comparator method (bath) from room temperature to 300° C. 
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vigures 16 and 17 show the observations. The expansion curves of 
these alloys are regular. 

Table 7 gives the average coefficients of expansion which were 
derived from the expansion curves of the magnesium-aluminum- 


manganese alloys. 
before and after the expansion tests. 


decrease in length. 
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Fig. 16.—Linear thermal expansion of mag- 
nesium-aluminum-manganese alloys (4.1 per 
cent aluminum and 0.3 per cent manganese) 


This table also indicates the differences in length 
The minus (—) sign signifies a 


TaBLE 7.—Average coefficients of expansion and length changes of magnesium- 
aluminum-manganese alloys ° 








Content ; 


sion per °C. 





20° 
200° 


. 


| 
Average coefficients of expan- | Change 


in length 
due to 
heat 
treat- 
ment 
received 
during 
test 











Cast at 670° C 





Cast in vacuum furnace at 690° C- 
Extruded at 390° 


7 

















Per cent 
—0.01 
—.02 
—.01 
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The coefficients of expansion of the magnesium-aluminun.- 
manganese alloys increase with temperature. The coefficients oj 
the extruded alloy containing about 4 per cent aluminum and (2 
per cent manganese are less than the coefficients of the corresponding 
cast alloy. The greatest deviation in the coefficients shown in the 
table is 1.2 10~. 


| 


_——— 





|~—2000—-| 


” 
x 
- 
z 
2 
a 
4 
= 
z 
z 
°Q 
” 
z 
< 
a 
x 
we 


© HEATING 


@ COOLING 
= 


re) 100 200 300°C. 
TEMPERATURE 

Fia. 17.—Linear thermal expansion of magnesium- 

manganese alloy (0.9 per cent manganese) 











Data on the magnesium-aluminum-manganese alloys are shown 
in Figure 14 of the preceding subsection. The addition of 0.9 per 
cent manganese to magnesium caused a slight increase in the coefl- 
cients of expansion. The coefficients of the extruded ternary alloy 
containing about 4 per cent aluminum and 0.3 per cent manganese 
are less than the binary magnesium-aluminum alleys (cast and 
extruded) containing the same amount of aluminum. 
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VI. SUMMARY 


This paper gives data on the linear thermal expansion of 6 samples 
of cast and extruded magnesium and 11 samples of cast and extruded 
magnesium alloys (magnesium-aluminum and magnesium-aluminum- 
manganese alloys ‘The samples of magnesium were investigated 
over various temperature ranges between — 183° and +500° C, and 
most of the alloys between room temperature and 300° C. The 
previous history (preparation, treatment, chemical composition, 
etc.) of the specimens is included. The expansion curves of the 
samples are shown and discussed. 

Three types of expansion apparatus were used in this research, 
and a summary of available data by previous observers on the thermal 
expansion of magnesium and some magnesium alloys is given. 

The following equations are given as the most probable second- 
degree equations for the expansion of cast magnesium and extruded 
magnesium between room temperature and 500° C. 

Cast magnesium: 

L,=L, [1+ (24.94 ¢+0.00946 #) 10-*] (1) 
Extruded magnesium: 

L,=L, [1+ (24.66 t+0.00976 #) 10-*] (2) 
Average of equations (1) and (2): 

L,=L, [1+ (24.80 t+0. 00961 #) 10-*] (3) 

The coefficients of expansion of extruded magnesium are slightly 
less than those for cast magnesium. This fact also applies for the 
alloys investigated. Figure 9 shows a comparison of the average 
expansion curve (equation (3)) obtained in the present investigation 
on magnesium, with data from previous observers. The values of 
nearly all observers show good agreement. 

Figure 14 shows the relations between the chemical composition 
of the magnesium-aluminum alloys and the average coefficients of 
expansion for three temperature ranges. The addition of 0 to 10 
per cent aluminum to magnesium causes practically no change in 
the coefficients of expansion. The expansion curves of the mag- 
nesium-aluminum alloy (10 per cent aluminum) which was extruded 
and heat treated show critical regions above 200° C. Small additions 
of manganese (0.9 and 0.3 per cent) to magnesium and magnesium- 
aluminum alloys caused slight changes in the coefficients of expansion. 

A comparison of the average coefficients of expansion of the 
materials investigated are given for several temperature ranges in 
the following table. For detailed data the reader should refer to 
the proper sections of the paper. 
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TABLE 8.—Average coefficients of expansion of magnesium and magnesium alloys 





Magne- 
sium 
con- 
tent 


Average coefficients of expansion per °C, 





20° to 
200° C. 


20° to 


> 300° C. 


20° to 
400° 














x<10-* 


27. 
27.7 to 28.1 
27.2 to 28.1 








10-6 
28. 8 


ne 
r — 
| 
| 


20° to 


C. | 500° ¢, 


X10 
| 20.8 





WasHINGTON, July 17, 1928. 
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EQUIPMENT FOR ROUTINE SPECTRAL TRANSMISSION 
AND REFLECTION MEASUREMENTS 


By H. J. McNicholas 


ABSTRACT 


This paper presents a description of an assembly of apparatus which has been 
in use at the Bureau of Standards since August, 1924, for routine spectral trans- 
mission and reflection measurements. The Koenig-Martens spectrophotometer 
is used with different light sources, each source being designed especially to meet 
the required conditions of illumination on the sample, in the measurement of 
the following quantities as functions of wave length: 

1. The unidirectional normal transmission of an optically homogeneous (non- 
diffusing) material in the form of a plate with plane-parallel surfaces. 

2. The normal brightness of a sample by reflected light, relative to the same for a 
standard material, when both sample and standard are under equal and completely 
diffused iluminations. 

The sources for transmission measurements are three separate white-lined 
inclosures, each just large enough to contain, respectively, two 400-watt gas- 
filled incandescent lamps, two helium lamps, and a quartz mercury-vapor lamp. 
These sources are conveniently and quickly interchangeable, so that any one of 
them may be used separately for specific purposes. 

A uniform distribution of 156 small gas-filled incandescent lamps on a white 
diffusely reflecting hemispherical surface provides a source of illumination for 
reflection measurements which is shown to ,be equivalent to the desired ideal 
completely diffused condition. 

Accessory equipment includes ventilation apparatus, convenient devices for 
handling the transmission and reflection samples, standard sectored disks for 
use with the spectrophotometer, and apparatus for temperature control of 
liquid transmission samples. 

The theory of the Koenig-Martens spectrophotometer is given, along with a 
discussion of some possible sources of error in the spectrophotometric 
measurements. 

Tests of the accuracy in the measurement of the specified quantities are 
described. 
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I. INTRODUCTION 


The measurement of the transmissive and reflective properties of 
various materials for wave lengths throughout.the visible spectral 
range is a matter of fundamental importance in the work of a colorin- 
etry laboratory, for the data thus obtained under given conditions 
of illumination and observation constitute a description of the mate. 
rial which is unique and sufficient for the purposes of colorimetry. 
When multiplied into the spectral energy distribution of the source of 
illumination, the resulting data are a representation of the entire 
physical stimulus of the sensation of color (neglecting simultaneous 
and successive contrast effects) and form the fundamental basis for 
color specification. The use of these data with the psychophysical 
data of color vision in the computation of various colorimetric func- 
tions has been considered in detail by others. In the establishment 
of material color standards for various purposes, the spectrophoto- 
metric data form a suitable and adequate record of the colors, so that 
the reproduction of the standards at some future time may be verified 
without depending on the permanence of the materials originally 
used. The utility of spectrophotometric equipment and methods i 
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many fields of research is being recognized by an increasing number of 
investigators. 

A serious disadvantage inherent in the use of visual methods of 
spectrophotometry lies in the decreased precision of measurement 
attainable toward both ends of the visible spectrum as a result of the 
decreased sensibility of the eye to these spectral regions. The diffi- 
culty is further enhanced in the blue and violet regions by the rela- 
tively lower energy emission of the sources of light commonly used. 
In some applications of the spectrophotometric data, as in the trans- 
formation into the trilinear coordinates of colorimetry, it is often of 
importance to obtain accurate transmission or reflection data over the 
spectral range from 380 or 400 to 740 my. Sometimes the range 
from 420 to 720 my is sufficient. Unless recourse is had to radio- 
metric methods, the above-mentioned difficulty in the visual method 
can only be overcome by providing sources of light of sufficient 
intensity so that the desired photometric precision and range of meas- 
urement are obtained. 

The transmissive and reflective properties of various materials 
depend not only on the nature and structure of the material itself, 
but may also vary considerably with the conditions of illumination 
and observation. Various transmission and reflection coefficients cor- 
responding to these conditions may therefore be defined and meas- 
ured to serve particular purposes. 

In transmission measurements we ‘are most frequently ,concerned 
with the unidirectional normal transmission of light through an opti- 
cally homogeneous (nondiffusing) medium in the form of a plate with 
plane-parallel polished surfaces. The beam of light is in this case 
incident in a direction perpendicular to the surface of the sample; it 
is partly reflected at the surfaces in a regular manner and partly trans- 
mitted by the medium without scattering or appreciable deviation 
from its original path. The quantity to be measured is the ratic of 
the total transmitted to the total incident light and is thus defined as 
the transmission (considered now as a magnitude). 

In the case of reflection measurements, on the other hand, we are 
usually concerned with diffusing media, such as papers, painted sur- 
faces, dyed fabrics, etc., for which the incident light is generally 
reflected in all directions from the surface of the sample. The con- 
ditions of illumination and observation must be definitely specified, if 
ambiguous and reproducible results are to be obtained. 

The specification of the illumination for reflection measurements 
is based upon the following considerations: 

1. The absolute illumination on the sample must be sufficient for 
precise spectrophotometric measurements over the desired range of 
wave lengths, but the sample must be protected at the same time 
from excessive heating by the source, 
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2. The angular distribution of the incident light must be definitely 
determined by the construction of the source, so that the conditions 
of illumination may be readily reproduced. 

3. It is desirable that the conditions of illumination adopted be aly 
representative of some natural condition of illumination, under which, 
for instance, the color of various materials is ordinarily observed. 

It is difficult to realize all the desired conditions of illuminatio, 
simultaneously by the use of a single commercial type of lamp, 
Such illumination will generally be insufficient for spectrophotometri 
purposes. It is necessary, therefore, to resort to multidirectional 
illumination of some sort, whereby the combined effect of a number of 
different light sources is obtained. If no restrictions be placed on the 
solid angular extent of the incident luminous flux, it is advantageous 
to place the light sources in an inclosure surrounding the sample, the 
walls of which are made of a good diffusing material of high reflect. 
ance.| Furthermore, to make the condition of illumination definite 
and reproducible, it is expedient to arrange the light sources with 
reference to the sample so that the illumination on the sample is for 
all practical purposes completely diffused. 

No attempt will be made in this paper to discuss the advantages or 
disadvantages of different conditions of illumination for colorimetric 
or other purposes. Completely diffused illumination as compared 
with unidirectional illumination is, perhaps, a closer approximation 
to the average condition under which the color of a sample is observed 
(by reflected light) in a well-lighted room or in the open, when the san- 
ple is shaded from the direct rays of the sun. In regard to the spec- 
trophotometric measurements, a source for the diffused illumination 
of the sample may readily be constructed to comply with all of the 
desired specifications. 

If it be desired to measure the total reflected light, some method for 
the integration of the light flux in all directions from the sample 
required. Although suitable methods for this purpose may be applied 
in certain cases, it is usually most convenient to measure the light 
reflected in a specified direction from the surface of the sample; and, 
indeed, this corresponds to the actual condition of use of the eye i 
observing the color of materials. In this case, however, only a smal 
portion of the total reflected light is directly received by the eye, or by 
the spectrophotometric observing system, so that a greater light flux 
on the sample is required in order to obtain the same photometri 
field brightnesses (hence, the same precision and range of measult- 
ment) as may readily be obtained in the above-defined case of unid- 
rectional transmission, wherein the beam of incident light is not brokel 
up or scattered by the sample. 





1 Reflectance is defined as the ratio of the total reflected to the total incident light, without regard to direc 
tions of incidence or reflection. 
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The method of observation herein adopted is to view the sample 
i a direction approximately normal to its surface. The symmetry 
of both the illumination and the direction of observation with respect 
to the surface of the sample is an advantage in spectral reflection 
measurements, which will be evident later in the discussion of these 
measurements. 

The equipment to be described is designed, then, for the measure- 
nent of the following quantities: 

1. The unidirectional normal transmission of an optically homo- 
genous material. 

2, The normal brightness of a sample by reflected light relative to the 
same for a standard material, when both sample and standard are 
under equal and completely diffused illuminations. 

In the design and construction of the apparatus for these measure- 
ments considerable attention has been given to the matter of con- 
venience in the arrangement and location of the various parts, in 
the handling of the samples and recording of observations, and to 
the stability and permanence of the adjustments, in order that the 
work could be carried on at any time as a routine daily procedure, 
if desired, with the greatest possible facility and speed and without 
preliminary adjustments or frequent attention to the working parts. 
The assurance that a given amount of work may be accomplished in 
a specified time, without annoying interruptions or uncertainties 
arising from failures or irregularities’ in the performance jf the ap- 
paratus, is a source of the greatest satisfaction to those having to do 
with a considerable amount of this work. 

The equipment has now been in service for nearly four years.’ 
Such provisions as have been made to facilitate and expedite the 
measurements are, if seemingly elaborate, fully warranted, never- 
theless, by the use which has been made of this equipment. In 
addition to determinations of the spectral transmissive or reflective 
properties of more than 200 samples of various materials submitted 
during the past four years by outside industrial establishments, 
private individuals, and other Government departments, an even 
greater demand for the spectrophotometric data has arisen in various 
research projects carried on at the Bureau of Standards, particularly 
those originating in the colorimetry laboratory. These investiga- 
tions often call for the highest precision and accuracy attainable in 
the spectrophotometric measurements. 





' The equipment herein described replaces the old illumination apparatus for transmission and reflection 
measurements which was in use in the colorimetry section of the bureau prior to the summer of 1924, and 
lescribed in part in the following papers: B. S. Tech. Paper No. 148, p. 5; 1920; B. 8S. Tech. Paper No. 167, 
p. 20; 1920; B. S. Sei. Paper No. 440, pp. 126, 143; 1922; J. O. 8S. A. and R. 8. L., 8, p. 203; 1924. 
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II. DESCRIPTION OF LIGHT SOURCES 


The salient features and general arrangement of the spectrophoto. 
meter and illumination apparatus are best illustrated by the photo. 
graphs in Figures 1 and 2 and by the diagram in Figure 3. hy 
apparatus is built around a wooden framework placed in the cenje; 
of a small room, which may be darkened, is well ventilated, an 
devoted exclusively to spectrophotometric work. All switches. 
rheostats, and other instruments for the control of the lamps, motor, 
etc., are conveniently assembled on a wall board: Detailed informs. 
tion on the construction of the light sources and accessory parts js 
given in Figures 4, 5, and 6, to which frequent reference will be mace 
in the description. In the various figures different parts are referre 
to by number, and a given part is numbered the same in whichever 
figure and view it may be shown. A general key to the construction 
is provided’, which serves for all of the figures and supplements the 
description to be found in the text. (See legend to fig. 4.) 

The specific requirements in regard to the illumination of the 
sample, in the particular type of reflection and transmission measure 
ments to be made, are most advantageously met by the use of separate 
sources especially designed for each kind of work. The advantages 
of this plan will be brought out in the course of the following 
description. 


1. SOURCE FOR REFLECTION MEASUREMENTS 


The source for reflection work is an attempt to realize the ideal 
condition of completely diffused illumination on the sample to 
sufficient approximation for practical purposes, combined with an 
illumination which is sufficient for precise spectrophotometric meas- 
urements throughout the desired spectral range. 

(a) Construction.—These purposes are served in a satisfactory 
manner by the following construction: 

The sample and comparison standard are placed side by side near the 
center, and forming a part, of the base of a hollow steel hemisphere 
(40 cm in diameter), the inner (concave) surface of which is coated 
with white porcelain enamel (baked), over which a film of magnesium 
oxide is deposited? The white diffusely reflecting surface thus ob- 
tained is studded with 156 small gas-filled incandescent lamps (de- 
scribed in key to construction of apparatus), which are uniformly 





8’ The white magnesium oxide ‘“‘smoke”’ is easily deposited on a porcelain (or other) surface by holding 
the surface about 2 inches above the flame of the burning metal. Magnesium metal shavings (as use 
for Grignard reaction) are generally used, although the ribbon form of the metal may be more conveniet! 
in some cases. The shavings are burned in a suitable vessel of brick or iron. The white porcelain surface 
is first applied to the steel surface in order to avoid the necessity of thick and fully opaque deposits of the 
oxide, which are more difficult to put on and liable to crack. The relatively good reflecting surface 0! 
porcelain is more easily “‘covered”’ by the oxide. The eyes of the operator should be protected from the 
oxide flame by use of dark-yellow glasses. 
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Fic. 1.—General view of equipment for visual spe ctrophotometry 
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Fia. 2.—Views of hemispherical source for reflection measurements 


Hemisphere raised in lower photograph, showing arrangement of lamps, mirror base, and parts 
of ventilation sz 
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distributed over the surface and mounted as shown in Figures 3 and 
4. The axis of each lamp points toward the center of the base of 
the hemisphere, near which the sample and standard are located 
The base of each lamp projects through a hole (15 mm in diameter) 
in the hemisphere and is supported with its socket on a separate 
hemispherical framework (10), which is built up of light aluminun 
strips and placed outside of and concentric with the white-lined 
reflecting hemisphere. The holes for the lamp bases comprise approxi- 
mately 11 per cent of the hemisphere surface. The lamps are arranged 
on seven equally spaced’ parallels of latitude, and the distance be- 
tween lamps on each ring is approximately the same as the distance 
between rings. In order to operate the lamps on the regular labors- 
tory supply current (at approximately 117 volts), they are connected 
in a series-parallel arrangement, there being 12 banks of 13 lamps each. 

The reflecting hemisphere, lamp support, and outer cover case are 
mounted on a (square) base plate (12), which is hinged on the lower 
base plate (13), so that the hemisphere may be raised for inspection 
and renewal of the lamps. This position of the hemisphere and the 
arrangement of the lamps are clearly shown in the lower photo- 
graph of Figure 2. 

A nickel-plated mirror surface on a thin circular brass plate (//) 
forms the base (equatorial plane) of the reflecting hemisphere. This 
mirror plate covers the central raised (circular) portion of the main 
base plate (12). An opening (9 cm in diameter) in the center of the 
mirror and base plate is occupied by the holder for the sample and 
standard. 

The construction of this sample holder is shown in detail in Figure 
5. The size of the sample (and standard) is slightly less than 40 
by 30 mm, and various thicknesses may be accommodated in the 
holder. The reflecting surfaces of both sample and standard are 
parallel to and lie less than 1 mm below the plane of the mirror 
surface (base of hemisphere). The positions of the sample and 
standard may be interchanged by rotation of the sample holder 
through 180°. A detailed description of the arrangement and 
mechanism for this purpose is given in section III, 1. That part of 
the opening in the holder which is not occupied by the sample and 
standard is available for ventilation purposes. 

(6) VentiLation System.—A forced ventilation is necessary (0 
carry away the large quantity of heat generated by the lamps. For 
this purpose two (blower type) ventilating fans are operated in series, 
with the illumination apparatus connected to the low-pressure (sut- 
tion) side of the first fan. These ventilating fans may be seen neat 
the top of the photograph in Figure 1. Cool air is drawn through the 
apparatus and the heated air discharged from the room. 
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It has been found necessary to filter all the air used for ventilation 
purposes in order to remove dust and dirt, which would otherwise 
be gradually deposited on the white magnesium oxide coating of the 
hemisphere and soon appreciably decrease its reflectance. This 
filtering is accomplished in a satisfactory manner by passing the air 
through a few overlapping layers of absorbent cotton. The construc- 
tion of the air filter (16) is shown in Figure 4. The layers of cotton 
are held in place between two square frames of wood covered with a 
coarse-mesh wire screen. 

The course of the air stream through the apparatus may be followed 
by reference to the various views in Figure 4. Air from the room, 
after passing through the filter, flows through the pipe (/7) into the 
compartment (18). This air, which is still cool, now flows around the 
sample and standard into the hemispherical inclosure and out through 
the many small annular openings around the bases of the lamps 
into an outer compartment inclosed by the cover case (/1). In the 
lower photograph of Figure 2, four holes (each 4 cm in diameter) 
may be seen in the base (12) of this cover case, one located near each 
corner. In the same photograph, and in view B of Figure 4, four 
holes o£ equal diameter and similarly located are shown in the base 
plate (13). When the hemisphere is closed (as in the upper photo- 
craph of fig. 2, or in view A of fig. 4), the holes in both base plates 
coincide, permitting the flow of air into four pipes (20), which lead 
from the four openings in base (13) to the larger pipe (21), and thence 
direct to the ventilating fans. 

(c:) Cootine or SamPpLe.—The inflow of air about the sample and 
standard aids considerably in the cooling of the sample and surround- 
ing metal parts, and the outflow around the bases of the lamps is 
most effective in carrying away the heat generated by the lamps. 

The intense irradiation of the sample would cause some materials 
to become too hot, however, if an additional cooling were not pro- 
vided. This additional cooling is supplied by a high-velocity jet of 
ar (from the laboratory compressed-air supply line) which is directed 
from above on the sample through one of the nozzles shown in view A 
of Figure 4 and in the lower photograph of Figure 2. These nozzles 
are made of clear fused-quartz tubes, which absorb very little of the 
infra-red heat rays, and hence do not preheat the air stream passing 
through. Likewise, being transparent to the visible rays, they have 
ho appreciable effect on the angular distribution of the light incident 
on the sample and standard. 

Here, again, the entering air may be dirty or oily and, if not cleaned 
before using, would soon deposit an appreciable amount of dirt on the 
reflection sample. The quartz tubes are inserted into brass tubes 
below the base of the hemisphere; these tubes then lead through a 
valve (23) (purpose described below) to the air filter, and thence to the 
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supply line. The construction of this air filter is essentially the samp 
as that of the filter described above; it is not shown, however, in any 
of the figures. 

With the lamps operating at normal voltage, there is an expenditur: 
of about 2,800 watts of electric power. The ventilation system (with 
the lamps in operation) draws 13 cubic feet of air per minute throug) 
the hemisphere. With the room temperature at 30° C., a ther. 
mometer held in the outgoing stream of air registered 66° C. Two 
mercury-in-glass thermometers, one with a clear bulb and the othe 
with a blackened bulb, when supported in a vertical position withiy 
the hemispherical inclosure with the bottom of each bulb in contac} 
with a reflection sample of black paper, registered 52° and 56° (, 
respectively, after temperature conditions had become steady with 
both air streams in operation. When the thermometer bulbs wer 
raised to the center of the hemispherical inclosure, the corresponding 
readings were 70° and 90° C., respectively. 

The actual temperature attained by a sample under these cont 
tions has not been directly measured (as with a thermocouple en-§ 
bedded in the body of the material). The temperature is not exces 
sive, however, and the sample usually feels just warm to the touch. 
The reflective properties of certain dyed materials occasionally 
change slightly under the intense irradiation from the hemispher 
lamps. This change is probably an actinic effect, however, and nots 
burning or scorching of the material. 

(d) ILLUMINATION AND OBSERVATION OF THE SAMPLE.—With the 
hemisphere lamps all operating at normal voltage, the absolute bright- 
ness of a magnesium carbonate sample observed normal to its surface 
was found to be 10.8 lamberts.t| The brightness of this material under 
completely diffused illumination is practically the same for all angles 
of view, and its reflectance is close to 98 per cent; hence, the illumin:- 
tion on the sample is 11 lumens per square centimeter.® 

The path of the beams of light from the sample and standard to 
the spectrophotometer is clearly shown in the two views of Figure 3. 
The collimator (entrant) slits of the spectrophotometer are focused 
on larger slits near the pole of the hemisphere by the lenses (1) and (? 
These hemisphere slits may be seen jin the lower photograph | 


} 
yf 





4 The absolute brightness was measured in the following manner: 

From the construction of the hemispherical illumination apparatus, as depicted in Figure 4, A, it may 
seen that it is possible to remove a circular area 5 cm in diameter centering at the pole of the reflecting be 
sphere and containing the pair of slits (15). This being done, then, a Martens photometer was arrali' 
so that, with the aid of a small total-refiection prism and a lens, the brightness of the magnesium-carbon 
sample could be compared in the photometric field with a standard brightness set up outside of the he 
sphere. Proper corrections were applied for reflection losses at the optical surfaces between the carbon 
and the photometer. A neutral absorbing screen of known transmission was used to decrease the different 
between the measured brightness and the standard. ‘The same method was used for the absclute-brigit 
ness Measurements mentioned later in connection with the description of the transmission sources. 

5 It is of interest to note that the normal illumination of a surface from the direct rays of the noon sumié 
sun (at Washington) is approximately 10 lumens per square centimeter. 
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Figure 2. (See also at (15), fig. 4.) The area of the sample which 
;s observed through the spectrophotometer is semicircular in form and 
equal approximately to 2em?. A convergent beam of light normally 
reflected from this area of the sample passes through the corre- 
sponding hemisphere and collimator slits and illuminates one half 
of the spectrophotometric field. Light reflected from the comparison 
standard, similarly, illuminates the other half of the field. The com- 
parison of the brightnesses of the sample and standard is fully dis- 
cussed in sections IV and V. 


2. SOURCES FOR TRANSMISSION MEASUREMENTS 


(2) PrincipLe or Construction.—An intense beam of light is de- 
sired for transmission measurements, incident on the sample in a direc- 
tion approximately normal to its surface. The method often used in 
spectrophotometry is to focus the incandescent filament of a lamp, or 
the crater of an arc, through the sample onto the collimator slit of the 
spectrophotometer. This method may prove very troublesome, how- 
ever, if, as a result of small irregularities or a nonparallelism of the 
surfaces of the sample, the image of the source on the collimator slit is 
shifted when the sample is inserted or removed. Errors of serious 
magnitude may result in this case if the source is not of uniform in- 
trinsic brightness over a sufficiently large area. Moreover, when a 
parallel beam through the sample is not used a correction to the illumi- 
nation of the collimator slit may be necessary, involving the thickness 
and index of refraction of the sample. 

The ideal source for accurate and reliable transmission measure- 
ments is a uniformly bright, diffusely emitting surface of sufficient 
extension so that a beam of light from this source, passing through 
the collimator slit and filling the photometric field of the spectropho- 
tometer, may then be wholly, or in part, shifted by the slight irregu- 
larities of the sample, without changing the illumination of the pho- 
tometric field. With this source the thickness of the sample has in 
itself no effect on the illumination of the field. 

In the measurements to be made it is assumed that there is no con- 
siderable scattering or large-angle refraction of the light during its 
passage through the sample; that is, we are dealing ideally with the 
transmission of clear, optically homogeneous materials. Different 
methods are required for diffusing media. No materials are optically 
perfect, however, and many of the samples to be measured will 
slightly scatter or refract the transmitted light. There is, therefore, 
a considerable advantage in the use of the extended source, for then, 
if a narrow pencil of rays originating at a given point of the source 
and forming part of the beam entering the spectrophotometer is scat- 
tered out of the beam after the insertion of the sample, it should be 
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fully replaced by an equal pencil of rays scattered into the beam from 
an adjacent part of the source.*® 

This type of source offers no particular difficulties in construction, 
and the required brightness for spectrophotometric work may be 
readily obtained. Making use of the well-known properties of ay 
inclosure, the walls of which reflect light in approximate accordance 
with the cosine law, the average total illumination of the wall js 
given by 

F 
A (1-R) 

where A is the area of the wall, R its average reflectance, and I the 
total light flux projected into or generated within the inclosure. By 
placing lamps in as small an inclosure as possible, then, with walls 
of the highest reflectance attainable, the maximum illumination and 
brightness of the interior surface is obtained. A portion of this sur. 
face, viewed through a suitable aperture into the inclosure, serves as 
a practical realization of the desired ideal type of source. Care must 
be taken, however, to insure a sufficiently uniform brightness distri- 
bution over an area somewhat larger than the observed portion of the 
interior wall. Referring to the above formula, it is seen that the 
average direct illumination of the wall is F/A, but that, as a result of 
multiple reflections within the inclosure, the total illumination is at 
least ten times greater, if an average reflectance of 0.9 for the interior 
surface of the inclosure be assumed. Thus, approximately 90 per 
cent of the total illumination of the observed spot and surrounding 
area is due to the multiply reflected indirect component which, in 
consequence of the reflective properties of the wall, is nearly com- 
pletely diffused and sufficiently uniform over the required area. The 
lamps should be arranged inside the inclosure so that the remaining 
10 per cent of the total illumination of the observed region, which is 
received directly from the lamps, is as nearly uniform as possible. 
Obviously a high value of # is desirable, not only to obtain the highest 
possible brightness but also to increase the proportion of the indirect 
illumination, thus insuring a more uniform brightness distribution 
over the observed portion of the interior surface. The aperture into 





6 This statement is but an application of the Helmholtz reciprocity law to this case of transmission meas: 
urements. The application of the law in the analogous case of diffuse reflection has been fully discussed 
in B. S. J. of Research, 1, p. 29 (No. 3); 1928. 

To make a rigorous application of the law in this case, however, an assumption must first be made in 
regard to the diffusive properties of the sample. Because of the impossibility of interchanging the direc 
tions of the incident and scattered light in strict compliance with the reciprocity law, we must assume 


illumination are practically the same when the light is incident on either surface of the sample. This 5 
generally a valid assumption for the type of sample with which we are concerned. Then, to compensat¢ 
completely for the light scattered out of the beam in the case here considered, it is only necessary that the 
solid angle subtended at the sample by the effective aperture into the lamp inclosure be equal to or large? 
than the solid angular extent of the slightly diffused transmitted light for strictly unidirectional norma 
illumination. Under these conditions the light entering the spectrophometer is exactly equal to that 
which would enter the instrument if the sample were made nondiffusing without changing its transmissi0. 





MeNicholas] Visual Spectrophotometry 805 


the inclesure, through which light passes to the spectrophotomoter, 
should be as small as possible in order to obtain the highest possible 
average reflectance of the interior wall. On the other hand, the effec- 
tive aperture into the inclosure should be large enough to take care 
of the slight diffusive properties or irregularities of the sample. 

The hemispherical source for reflection measurements (previously 
described) would obviously also serve for transmission measurements, 
in which case the sample and comparison standard could be replaced 
by (say) two blocks of magnesium carbonate. As we are primarily 
interested, however, in a diffusely emitting surface of high and uni- 
form brightness over. a limited area, and not particularly concerned 
with the manner in which this surface is illuminated, a great advan- 
tage over the above hemispherical construction is gained by use of a 
small inclosure, with fewer lamps and a lesser expenditure of electric 
power. 

The sources to be described are designed on the above principles. 
They are not intended, however, to be of sufficient extension to com- 
pensate completely for the light scattered by imperfect samples hay- 
ing badly scratched or poorly polished surfaces. Appreciably lower 
transmissions may be obtained for such samples than would be ob- 
tained with a fully extended (hemispherical) source. 

The construction of the sources and their arrangement is shown in 
Figure 4 (section view A and elevation view B). Three different 
lamp inclosures are there shown, containing gas-filled tungsten-fila- 
ment incandescent lamps, helium ldmps, and a quartz, mercury- 
vapor lamp, respectively. They are permanently mounted on a 
plate (30), which slides between two vertical guide bars (31) and is 
held in any position by the counterweight (32). A handle (33) and 
aspring catch (34) are provided, so that either lamp inclosure may be 
conveniently and easily raised or lowered into position for use in 
transmission measurements. 

(}) Tunesten Lamp Source.—The middle inclosure (also illus- 
trated in fig. 3) is an iron box (36) coated on its inner surface with 
white porcelain enamel and ‘‘smoked”’ with magnesium oxide. The 
box is self-ventilating and just large enough to inclose the bulbs of 
two 400-watt gas-filled tungsten-filament incandescent lamps (35), 
the bases of the lamps being outside the white-lined inclosure. A 
sufficient separation between the lamps is allowed for the passage of 
two beams of light from the back wall of the box through an aperture 
in the front wall and thence to the spectrophotometer. 

This source, giving a continuous spectrum, is used for the greater 
part of the transmission work. With the lamps operating at normal 
voltage the brightness of the inner surface, as viewed through the 
aperture, is 88 lamberts. The lamps are operated in series on 220 
volts direct current. The 400-watt lamps may be replaced by 1,000- 
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watt lamps of approximately the same type and size, if desired. 4 
forced ventilation would then be necessary, however, to prevent an 
excessive temperature in the lamps, thus greatly shortening thei 
life. An inclosure of the type described in this section could be de. 
signed to give a greater interior brightness than is obtained with the 
present construction. 

(c) Hetrum Lamp Source.—The form of the two helium lamps 
(37) is clearly shown in views A and B of Figure 4. The discharge 
tubes are 5 mm in diameter and contain helium gas at a pressure of 
approximately 10 mm (of mercury). They are connected in series, 
forming a total tube length of 80 cm, and are operated on a higb- 
voltage transformer.’ Two aluminum rods (shown in fig. 1) make 
permanent electrical connection to the lamps by sliding contact with 
an overhead high-voltage line. 

With the exception of their terminal bulbs, the helium lamps ar 
inclosed in a small rectangular box (38), the upper, lower, and front 
sides of which are made of asbestos board (for electrical-insulation 
purposes combined with good heat-resisting qualities), and the r- 
maining sides are made of aluminum. Two small holes in the top 
and bottom sides provide for a sufficient ventilation. The inner 
wall of this inclosure is covered with a thick deposit of magnesium 
oxide, and an aperture in the front side is provided for the emergence 
of the light beams to the spectrophotometer. The brightness of the 
interior surface is approximately 0.5 lambert. 

(d) Mercury-vapor Lamp Source.—The lower source (fig. 4) 
is a quartz mercury-vapor lamp (40), with the straight portion of its 
tube inclosed as much as possible in an iron box (41), the inner sur- 
face of which is also porcelain enameled and coated with magnesium 
oxide. Light for the sample and spectrophotometer is taken from 
the back cylindrical surface of the inclosure through an aperture in 
the front wall. 


The mercury lamp, with its inclosing box, is mounted on a cir- 


cular plate (42), which is in turn supported on a hollow bearing, so 
that the whole lamp may be turned into a vertical position for the 
purpose of starting. The lamp is operated on the 220-volt direct- 
current supply line, and the brightness of the interior curved sur- 
face is approximately 51 lamberts when the terminal voltage across 
the are reaches its usual value of 120 volts. 

(e) Use or Transmission Sources.—The course of the light 
beams from the transmission source to the spectrophotometer is 
best shown in the upper view of Figure 3. The transmission sample 
is in position in one of the beams; and the large total-reflection 





7 To operate these lamps in series, a 1-kilowatt, 20,000-volt transformer which was available in the labors 
tory is used with considerable resistance in the primary circuit. A voltage of 10,000 or less is sufficient 
for this purpose. 
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prism (4), with lenses (1) and (2), is moved out of the path of the 
beams from the transmission sources. (In the lower view these 
lenses and the prism are in place for reflection measurements.) 

The lens combination (3) serves the following purposes: (1) The 
two beams to the spectrophotometer are taken from approximately 
the same area of the wall of the lamp inclosure, so that any variations 
in the relative brightness distribution over the interior surface of 
any one of the inclosures affects both beams equally; (2) the collimator 
slits of the spectrophotometer are focused approximately in the plane 
of the aperture into the lamp inclosure. The latter circumstance, 
combined with the overlapping of the beams inside the inclosure, is 
an advantage in the design of these sources. The smallest possible 
aperture into the inclosure may thus be used, so that a maximum 
area of the wall is conserved for reflecting purposes; also, less free 
space is needed inside the inclosure for the light beams. 

The apertures of the lens combination (3) and of the lamp inclosures 
are made large enough to permit small displacements of either beam 
(corresponding to the introduction of an imperfect sample) without 
obstructing the free passage of the beam to the spectrophotometer. 


Ill. ACCESSORY APPARATUS 


1. MECHANISM FOR THE INSERTION AND INTERCHANGE OF THE 
SAMPLE AND STANDARD IN REFLECTION MEASUREMENTS 


The adopted method of use of the spectrophotometer (described 
in Sections IV and V) requires an interchange of the positions of the 
sample and standard during the course of a reflection measurement, 
and it is desirable that this operation be performed rapidly and in a 
manner convenient to the observer. 

In addition to the diagram in Figure 5, the sample holder is shown 
in position for reflection measurements in views A and C of Figure 4. 
The interchange of the sample and standard is effected by rotation of 
the holder through 180°. For this purpose the gear teeth on the 
outer edge of the holder are in mesh with the gear teeth of a drive- 
wheel (45), which is in turn connected through bevel gears (46) to 
the drive shaft (47). This shaft may be rotated by the observer 
from his position at the spectrophotometer by a handwheel (40), 
which is conveniently located to the left of the spectrophotometer 
cover case (fig. 1) and connected by pulleys (48, 49) and belt to the 
shaft (47). Suitable stops (6) on the holder prevent its rotation 
through more than 180°. 

The mechanism for the removal (or insertion) of the holder from 
the illumination apparatus is explained as follows: From the section 
view A of Figure 4 it is clear that the weight of the sample holder is 
carried on the circular shaft (61). This shaft has a rack cut into 





808 — Bureau of Standards Journal of Research [VoL 


one side, so that it may be moved up or down by the pinion (59) 
attached to the shaft (63). ‘This rack-and-pinion arrangement js 
operated by the handwheel (54) on the shaft (63). The latter js 
normally prevented from turning by the clamp (55). To remove the 
sample and standard, then, this clamp is released and the sampk 
holder lowered until it rests upon a carriage (56). This position of 
the holder is shown in view E of Figure 4. The carriage with th. 
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Fia. 5.—Construction of holder for reflection sample and comparison standard 
(Part No. 5 of fig. 4) 


holder may now be moved along a track (57) by pulling out the rod 
(58) until the holder comes under the door (59) (shown open in views 
Cand E). The holder can then be lifted from the carriage and take 
out for inspection or change of sample. In the reverse operation 0! 
inserting the sample, the holder is raised from the carriage by the 
shaft (51), and the gear teeth on the holder again come into mesh 
with the teeth of the driving gear. 
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As the sample and standard are interchanged, the valve (23) is 
simultaneously operated through the levers (24) and pins (6), so that 
the high-velocity cooling-air jet is first cut off and then shifted from 
one of the nozzles (22) to the other. The operation of this valve 
mechanism may be followed in the views C, D, and E. It is designed 
so that the observer need only be concerned with the proper position 
of the sample holder on its carriage when being inserted into the 
apparatus; consequently the air stream is always directed onto the 
sample and never on the standard. Two reasons for this provision 
may be mentioned: (1) The comparison standard may always con- 
sist of a material requiring no special cooling, so that a greater volume 
of air is thereby available for the cooling of the sample; (2) the high- 
velocity air stream impinging continuously on the surface of the stand- 
ard would be detrimental in the case of some materials which might 
be used. 


2, DEVICES FOR THE SUPPORT AND SHIFTING OF TRANSMISSION 
SAMPLES 


The samples submitted for transmission measurements are likely 
to vary considerably in size, shape, and thickness, so that a somewhat 
flexible arrangement for the support of the sample in the beam of 
light is required, which may be readily adapted to accommodate dif- 
ferent samples. As in the case of reflection measurements, the 
method of use of the spectrophotometer requires the shifting of the 
transmission sample from one beam, to the other, and it is equally 
desirable in this case that the shifting operation be performed rapidly 
and in a manner convenient to the observer. 

Views of the sample support are shown in Figures 4 and 6, includ- 
ing a vertical median section in Figure 4, A. A brass plate (60) 
carries a double platform (61, 62), which may be raised or lowered to 
accommodate the size of the sample and to center it vertically in the 
beam of light. The long platform (61) is removable, leaving a 
shorter platform (62), which serves for the majority of samples and 
does not interfere with the raising of the hemisphere. Three aper- 
tures (68) in the plate (60) allow the passage of the light beams to 
the spectrophotometer. The plate (60) fits into V-shaped grooves 
in two horizontal guide bars (63), forming a track along which the 
holder may be moved. For this purpose a rack (64) and a pinion 
(in the gear box (65)) are provided and operated by a handwheel (66), 
conveniently placed to the left of the observer. As the holder is 


| moved between the stops (67) the sample (placed before the central 


aperture) is shifted from one beam to the other. Upon removal of 
one of these stops the whole sample support may be moved to the 
end of the track (63), a provision which is very convenient for the 
mounting and adjustment of the sample on the platform. This posi- 
tion of the holder is shown in Figure 6. 
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In the same figure a constant-temperature box (69) is also shown 
mounted in position on the platform of the sample holder. This box 
is designed particularly for transmission measurements on liquids, 
such as inorganic salt and dye solutions, in which it is desired to 
control the temperature of the solution and its solvent to within a 
degree or two and to cover a range of temperatures approximately 
90° above and below the room temperature. The rectangular brass 
box (69) is covered with a heat-insulating material (70) and has three 
cylindrical brass tubes (71) passing through, as shown. Water from 
a thermostat-controlled bath (described later) may be circulated 
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A-- Glass or Quartz End Plates 
B-- Glass Body of Cell 
C,D--Brass Parts 

E-- Rubber Washers 

F-F--Axis of Symmetry of Cell 


Fic. 7.—T ype of cell used in the measurement of the transmissive 
properties of liquids 
(Reproduced from B. 8. Sci. Paper No. 440) 


through the box, thus maintaining the walls of the tubes at an approxi- 
mately constant temperature, indicated by the thermometer (73). 

A cylindrical cell (construction fully shown in fig. 7) containing 
the solution to be measured may be inserted in the central tube of 
the constant-temperature box with similar cells containing the 
solvent in the outer tubes. The brass sides of the cell are in contaét 
with the brass walls of the box, and the reading of the thermometer 
is taken as the temperature of the solution and solvent. While this 
method would not be satisfactory at temperatures differing greatly 
from room temperature, it is quite suitable for the purposes to which 
it is applied, 
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When the sample holder with the constant-temperature box js 
moved into position in the light beams, the rack (64) engages with 
its pinion gear, and, as the solution is moved from one beam to the 
other, one of the solvent cells is always centered in the opposite beam, 


3. THERMOSTAT FOR TEMPERATURE CONTROL OF LIQUIDS 


A suitable arrangement for this purpose has previously been de. 
scribed in Bureau of Standards Scientific Paper No. 440. The same 
arrangement, with slight modifications, is installed with the present 
equipment and is shown in Figure 8. The apparatus does not appear 
in the photograph of Figure 1, it being mounted on the wall of the 
room to the right of the equipment there shown. 
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Fic. 8.—Thermostat and bath arrangement for temperature control of cells 
containing liquids 


Water from jar B is pumped through a few feet of rubber tubing 
to the.constant-temperature box surrounding the transmission cells, 
and back again to the same jar. This water is maintained at a con- 
stant temperature in the following way: A steady stream of cold 
water (from the city supply) passes through the copper cooling 
coils in jars A and B and discharges into the drain. This water may 
be further cooled, if necessary, by use of ice water in jar A, and the 
volume of water flowing through the coil regulated in accordance 
with the amount of cooling desired. 

Heat is supplied by a 300-watt gas-filled incandescent lamp sus- 
pended in jar B. The use of a lamp for this purpose affords a quick 
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means for adding heat to the water, for the radiant energy is instan- 
taneously absorbed by the water over a large surface in contact with 
the lamp bulb. The current through this lamp is switched on and 
of as required by the thermostat acting through the relay. When 
the water in jar B is too cool, the contact between the narrow mercury 
column and a platinum wire in the thermostat is broken by the 
contraction of the mercury. This interrupts the current through 
the magnets of the relay, releasing the relay lever and closing the 
circuit through the lamp. The water in jar B now heats up until 
the expansion of the mercury again closes the circuit through the 
rlay magnets and opens the circuit through the lamp. The con- 
tinued action of the thermostat, while the pump keeps the water 
in circulation through the jar and constant-temperature box, main- 
tains the temperature of the circulating water constant within the 
required limits. The temperature is regulated by raising or lowering 
the platinum contact wire in the thermostat until the thermometer 
in the constant-temperature box reads the desired temperature. 

When a temperature well above room temperature is desired, 
better regulation is obtained by sending a constant current through 
the heating coil to compensate for a part of the radiation and conduc- 
tion losses in the system. In this case the cold-water cooling is not 


required. 
4. SECTORED-DISK ATTACHMENT 


The equipment also includes a set’ of standard sectored disks of 
fxed aperture, the transmissions of which are accurately known by 
mechanical calibration.2 These transmission values are approximately 
80, 70, 60, 50, 10, and 1 per cent, respectively. By combinations of 
two disks the range of transmissions can be extended to values 
etween 50 and 10 per cent. 

The use of these sectored disks in the spectrophotometric measure- 
ments is fully discussed in section V, 1. Briefly, they serve two pur- 
poses: (1) To test and maintain a check upon the accuracy of the 
pectrophotometer, and (2) to extend the range of the instrument 
accurately below 1 per cent, by use of the 10 or 1 per cent disk in 
the beam opposite the sample. This procedure reduces the differ- 
ice between the brightnesses compared in the photometric field, 
with consequent advantages in the measurement of low transmission 
br reflection coefficients. 

Two views of the sectored-disk attachment are shown in Figure 6, 
iid a section through the axis of rotation of the disk and driving 
hotor is contained in Figure 4, A. These views clearly illustrate 
he construction and mounting of the disk and the position of the 





This calibration was made by the Bureau of Standards division of weights and measures and consists 
- Measurement of the angular opening in each disk. From these data the transmissions of the rapidly 
vlating disks (assuming the Plateau-Talbot law) are known. 
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attachment relative to the other parts of the apparatus. The cep. 
tral hole of each disk fits without play on a circular boss carried by 
the driving pulley. Two small holes in the disk register with tw 
pins projecting from the base of the pulley, in order to prevent slip 
and possible loosening of the nut due to inertia of the disk durin 
acceleration or deceleration. Two disks may be mounted togethey 
on the axle. A 50 per cent sectored disk is shown in position cover 
ing one of the apertures (8/) through which the beams of light pags 
the spectrophotometer. The other aperture remains clear. 

The disk may be shifted from one beam to the other by a rack 
and-pinion arrangement (79), which is operated through the ge: 
box (65) and handwheel (66). The same handwheel is also used 
the shifting of the transmission sample; and, by proper adjustmey 
of the vertical position of the knob (82) the disk attachment may } 
placed in gear so as to shift simultaneously either with the sam 
or in the opposite direction. In the latter case the sectored disk 
always in the beam opposite the sample, so that the transmission 
the sample is measured relative to that of the disk. 


IV. KOENIG-MARTENS SPECTROPHOTOMETER 


The type of instrument used for the spectrophotometric measu 
ments is described in papers by Koenig,® Martens,’ Martens a 
Greenbaum," and has become known as the Koenig-Martens spect 
photometer. The arrangement of some of the optical parts of f 
instrument ™ in the possession of this laboratory differs slightly, ho 
ever, from that described in the paper last cited. The optical s 
tem is shown in Figure 3; and, to conserve space in this figure, ¢ 
plan of the optical system is displaced from its proper position re 
tive to the plan of the illumination apparatus. 

The theory and method of use of the instrument is given in tl 
following pages, along with a discussion of some possible sources 
error in the spectrophotometric measurements. 


1. THEORY OF THE INSTRUMENT 


A diaphragm placed over the jaws of the (horizontal) collimat 
slit divides this slit into two parts (A and B, fig. 3), which are 
equal length and width and separated by one slit length from ea 
other. The double collimator slit thus formed is provided with : 
accurate bilateral adjustment for width. 

A Wollaston (double image) prism and a biprism are permanent 
mounted as a unit on the telescope lens, with the line of intersecti 





® Ann. der Phys. and Chem., 53, p. 783; 1894. 

10 Verh. der Deut. Phys. Gesellsch., 1, p. 280; 1899. 
11 Ann. der Phys. (4), 12, p. 984; 1903. 

12 Purchased from Schmidt and Haensch about 1912. 
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Fig. 4.—Diagram of illumination apparatus and accessory part 
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sory parts for transmission and reflection measurements 


KEY 
n of air valve. 57. Track along which carriage slides. 
58. Rod to move carriage along track. 
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It 78. Motor with armature shaft centered on axis of bearing (77). Pulley on 
server interchanges reflection sample and | motor connected by belt to sectored disk pulley (75). 
79. Rack attached to sectored disk supporting arm (76); teeth of rack engage 
cut in one side, which engage with teeth of | with teeth of pinion in gea 65). 
iolder supported on upper portion of shaft. 80. Point of attachment of k (79) to arm (76). 
of shaft (51), so that sample holder may be 81. Apertures for light beams to spectrophotometer. 
tion for reflection measurements. 82. Knob and lever for ving rack and pinion of sectored disk attach- 
with handwheel (54). ment into gear with handw! 66) 
n shaft (53). 83. Spectrophotometer t 
holder is moved from door (59) to position 84. Collimator slits of sp: photometer. 
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of the biprism faces in a vertical plane which is perpendicular to the 
plane of double refraction in the Wollaston prism and to the refract- 
ing edge of the dispersion prism. The biprism surfaces are made on 
a wedge-shaped piece of glass, which, with a similar wedge on the 
collimator lens, prevents the passage to the eye of multiply reflected 
rays from the optical surfaces. 

In the following discussion ali directions and displacements are 
referred to two mutually perpendicular planes, the intersection of 
which forms the axis of the optical system. One of these planes is 
conveniently chosen as the vertical plane perpendicular to the plane of 
double refraction in the Wollaston prism. The other plane coincides 
with the plane of the paper in the plan of Figure 3 and is hereafter 
called the horizontal plane. 

Consider now a beam of light, homogeneous with respect to wave 
length and composed of all the elementary ray pencils diverging 
from various points of the collimator slit A; the compound bundle 
of rays is rendered approximately parallel by the collimator lens, 
is refracted by the dispersion prism, and falls on the surface of the 
telescope lens. If the Wollaston prism-and the biprism were not 
inthe path of this beam, the rays would be converged by the telescope 
lens to a focus in the plane of the ocular slit, forming a single image 
of the collimator slit A. Similarly, a single image of slit B would be 
formed. The two images would be equally displaced horizontaily 
from the vertical reference plane, the displacement corresponding 
(with reversed sense) to the displacement of the slits A and B from 
the same vertical plane. With the Wollaston and biprism combi- 
nation in place, however, the beam from slit A on traversing the 
Wollaston prism is split into two distinct beams which diverge 
slightly from each other in a horizontal plane and are each plane- 
polarized with their electrical vibrations in vertical and horizontal 
directions, respectively. Each of the two beams fills the two inclined 
faces of the biprism, their effective cross section being determined 
by the circular field aperture. As a result of the horizontal displace- 
nent of sit A from the axis of the optical system, the parallel beam 
catering the Wollaston prism is itself slightly inclined to the vertical 
reference plane. The construction of the Wollaston prism is such 
that the vibrations are vertical in the least refracted (with respect to 
the vertical plane) of the two beams emerging from the Wollaston 
prism. Following this least-refracted beam, we find it again divided 
into two (similarly polarized) beams by further refraction at the two 
inclined faces of the biprism. These beams finally form two plane- 
polarized images of the slit A in the plane of the ocular slit, the 
vibrations in each image being vertical. The images are designated 
by Aw and A. in Figure 3, and their relative positions in the plane 
of the ocular slit are indicated in the displaced diagram of this slit 
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shown in the lower left corner of Figure 3. For clearness in the 
representation, various slit images are there shown in different 
planes; actually, they all lie in the plane of the ocular slit. Going 
back to the more refracted of the two beams emerging from the 
Wollaston prism, with vibrations in the horizontal plane, it is found 
to give rise similarly to the two images A,h and A,A of the slit A. In 
the same manner, light entering slit B finally forms the remaining four 
slit images shown. The angle of the biprism is chosen, with regard to 
the separation of the slits _A and B and the construction of the Wollas- 
ton prism, so that two of the eight images overlap at the ocular slit, 
The designations A,wv and B,h show that one of these images is formed 
by light entering slit A and passing through part 1 of the biprism 
photometric field. It is plane-polarized with vibrations in a vertical 
plane. The other image is formed by light from silt B passing face 2 
of the biprism and is polarized with vibrations in a horizontal plane. 

Considering in like manner all the ray pencils of various wave 
lengths entering the collimator slits, the different refraction of each 
homogeneous bundle by the dispersion prism results in eight vertical 
spectral images of slits A and B being formed in the plane of the 
ocular slit. Two of these spectra overlap at the ocular slit (as 
explained above), and a beam of light composed of a small equal 
range of wave lengths from each spectrum passes through the slit 
to the eye. 

The ocular slit, telescope lens, and attached optical parts are 
mounted in a tube (the telescope tube) which can be rotated about a 
horizontal axis through the dispersion prism and the ocular slit thus 
moved to different parts of the spectrum. A scale attached to the 
tube indicates the part of the spectrum included by the ocular slit. 

Looking through the ocular slit one sees, then, the surface of the 
biprism uniformly illuminated by monochromatic light of small 
wave-length range, the mean wave length corresponding to the 
position of the slit in the spectrum. The field of view is limited by 
the circular field aperture and divided into two equal parts by the 
line of intersection of the biprism surfaces. The lights in the two 
parts of the field are plane-polarized in directions mutually perpen- 
dicular to each other, the vibrations in the right half (field 1) being 
vertical. The brightnesses of the two parts of the field are not, in 
general, the same. Later discussion will show that this may be the 
result of unequal conditions of the entrant light beams, but is also 
caused by an unequal transmission of these beams through the 
instrument. By rotation of a nicol prism between the eye and the 
ocular slit the light in either part of the field may be extinguished 
or the principal plane of transmission of the nicol so orientated that 
the part fields become matched in brightness. This condition 's 
accompanied by a disappearance of the dividing line between the 
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two parts of the field; and, in fact, this circumstance is used as the 
criterion for the equality of brightnesses. There will obviously be four 
positions of the principal plane of the nicol, one in each quadrant of 
the circle, for which this equality of brightnesses may be established. 
The mounting of the nicol, with its circular scale, may be seen in 
Figure 1. 

The spectrophotometer is herein used to measure a change in the 
relative intensities ** of the two beams of light entering the instru- 
ment, for a given wave length, or small spectral range, included in 
each beam. The measurement is effected by a comparison of the 
relative intensities of the beams before and after the change has taken 
place. In the use of any type of spectrophotometer for this purpose 
the polarizing action of the prism (or grating) dispersion system 
makes the reading of the instrument depend not only on the relative 
intensities of the entrant beams but also—to a lesser extent, usually— 
on the states of polarization of the two beams compared. It is there- 
fore of importance to know under what conditions and to what extent 
a polarized condition of the entrant beams affects the measurements 
to be made with the Koenig-Martens instrument. In quest of this 
information, it will be instructive to consider all possible changes in 
the relative intensities and states of polarization of the two entrant 
beams on their independent paths from the source to the eye. 

In the use of any one of the transmission sources previously de- 
scribed, let it be assumed that there is a difference between the initial 
intensities and states of polarization of beams 1 and 2 emitted to, the 
spectrophotometer (fig. 3). Likewise, in the use of the hemispherical 
source, with an exact duplicate of the comparison standard occupy- 
ing the position of the sample, the possibility of differences in the 
initial intensities and states of polarization of the two beams is con- 
sidered. In the general use of the instrument, then, let the initial 
intensities and states of polarization of beams 1 and 2 be as repre- 
sented in Figure 9. Here J,, Ro, and L’, represent the initial inten- 
sity and component amplitudes," respectively, of beam 1, and J, 
R’,, and ZL, are of corresponding import for beam 2. A numerical 
expression for the polarization is given later in this section of the 
paper. The definition must obviously imply a given reference frame. 


" The form of the beams of light entering the spectrophotometer and filling the photometric field of the 
instrument is determined by the dimensions of the optical system, and a section perpendicular to the axis 
ofthe beam varies in size at different positions along the axis. It is convenient to use the expression “‘inten- 
sity of the beam” or beam intensity for the total luminous flux through a cross section of the beam. At 
the photometric field this section is equal, of course, in shape and area to that of the field itself. 

"In these considerations of the state of polarization we are not concerned with any phase differences 
which may possibly exist between the component vibrations in either beam; only changes in the ampli- 
tudes of the components are of interest. The word polarization, as used throughout this paper, refers only 
‘o this resolution of all the independent vibrations in the beam along two mutually perpendicular directions 
(which are not necessarily the principal directions of the vibration), giving the resultant magnitude of the 
amplitude vectors shown in the figures. The square of the vector sum of these components is proportional 
o the intensity of the beam, 
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It is most convenient to resolve the component amplitudes in dire. 
tions always parallel and perpendicular, respectively, to the vertical 
reference plane previously defined, so that the directions of the com. 
ponent amplitudes then coincide with the principal directions oj 
vibration in the Wollaston prism. 

On passing through the spectrophotometer, both beams travers. 
optically identical paths. Through the operation of the Fresnel 
reflection laws at the surfaces of the dispersion prism, however, light 
with vibrations perpendicular to the refracting edge of the prism 
(vertical component) is more copiously transmitted than that 
vibrating parallel thereto. After quadruple subdivision of each beam 
by the Wollaston and biprism combination (as previously explained), 
the vertical component amplitude R of the beam passing the ocula; 


ENTRANT BEAMS EMERGENT BEAM 
AND 
No. | No.2 PHOTOMETRIC FIELD 
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Fia. 9.—Initial condition of the ecatrant beams, emergent beam (from ocular 
slit), and photometric field, before insertion of sample in either beam 
slit from field 1 is a certain fraction / 7, of the vertical component 
amplitude R, of beam 1 before entering the instrument. Similarly, 


the horizontal component amplitude L of the beam passing the ocular 


slit from field 2 is a fraction 7, of the horizontal component ampli- 
tude L, of beam 2. The components R’, and L’, of the entran! 
beams contribute nothing to the intensity of the emergent beam. 
They are lost in the instrument. 

The factors 7, and Ty are the transmissions of the optical system 4s 
a whole (excluding the nicol) for plane-polarized light with vibrations 
in vertical and horizontal directions, respectively. Thus, R?=7; 
R*, and L?= 7, L’.. 

The quantities R and L are proportional, respectively, to the areas 
of parts 1 and 2 of the photometric field. These areas are equal, 
however, and hence the brightnesses in the two parts of the field, s 
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viewed through the nicol and ocular slit, are proportional, respectively, 
to the squares of the projections of R and L on the principal plane of 
transmission of the nicol. Let ON (fig. 9, C) represent the angular 
position of the principal plane of the nicol, measured (in each quad- 
rant) from the position for extinction of the vertical component 
amplitude of the emergent beam (position for extinction of light in 
the right field). Let @, be the position of ON when the two parts of 
the field are matched in‘ brightness; then 


R? sin? 0,=L? cos? 0, 


[2 
am tan’ 6, (1) 


When the component amplitudes R, and L, of the entrant beams 
are equal, the angle 0, is approximately 39° (instead of the ideal 45°, 
for T,= Ty); hence 

ie tan*® 39° = 0.656 
The difference between the transmissions of two plane-polarized 
beams with vibrations in vertical and horizontal directions, respec- 
tively, is principally the result of the polarizing action of the dispersion 
prism. The angle @, is not constant, but varies slightly with the 
wave-length setting. 

Now, let the initial intensity and state of polarization of beam 1 be 
changed. This change may be brought about, for example, by the 
insertion of a transmission sample in the beam or by the replacement 
of one of the reflection standards by a sample the spectral reflective 
properties of which are to be determined. Let Y represent the frac- 
tional reduction in the intensity of the beam in either case. Then 
the amplitudes R, and L’, are both reduced by the factor -~¥X. The 
quantity X is the transmission of the sample in the first case, and the 
brightness ratio previously specified (section I) in the second case. 
The change in the state of polarization of beam 1 may be represented 
by two factors, a and 6b’, attached, respectively, to the components 
R, and L’,. These factors are not independent of each other, but 
are related by the equation 


@RI+bL'2=RI+L'? (2) 


The condition of beams 1 and 2 entering the spectrophotometer 
(entrant beams), the condition of the combined beams passing through 
the ocular slit (emergent beam), and the brightness relations in the 
matched photometric field are now as represented in Figure 10. 
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Let 6, be the angular position of the nicol for the equality of bright. 
nesses in the photometric field; then 


X@’R? sin? 0, = L? cos? 6, 


2 
aX =i cot? 6,= tan? 6, cot? 6, (3) 


Now, let the transmission sample be shifted to beam 2, or let the 
positions of reflection sample and standard be interchanged. Then 
the intensity of beam 2 is reduced by the fraction X, which is the 
same as in the previous case. The change in the state of polarization 
of beam 2 may be different than in the previous case but represented 
in like manner by the factors a’ and 6, for which 


a”?R’ 2+BL2=R?+L2 (4) 
ENTRANT BEAMS EMERGENT BEAM 
AND 
No. | No. 2 PHOTOMETRIC FIELD 
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Fia. 10.—Condition of entrant beams, emergent beam (from ocular slit), and 
photometric field, after insertion of sample in beam 1 





The corresponding conditions of the beams and the photometric 
field are now as shown in Figure 11. Let 6, be the new position 
of the nicol for the equality of brightnesses in the photometric field; 
then 

R? siné, = X b? L’ cos*6, 
or 


2 
BX = * tan’, = cot?@, tan”, (5) 


By combination of equations (3) and (5) the angle @, is eliminated; 
so that we may write 
ab X =cot 6; tan 6 (6) 


From equations (3), (5), and (6) it is evident that any initial dif- 
ferences in the beam intensities or any degree of polarization of the 
light emitted by the source along beams 1 and 2 does not affect the 
measurement of X; any change in the state of polarization, brought 
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about by the introduction of a transmission or reflection sample into 
either beam, must be considered, however, in the measurements. 
The polarization factors a and } can be expressed in terms of the 


ENTRANT BEAMS or BEAM 
AN 
PHOTOMETRIC FIELD 











Las > 6, >> 
YX bL, VXbL 
(A) (B) (C) 


—Condition of entrant beams, emergent beam (from ocular slit), and 
photometric field, after shifting of sample to beam 2 


ow 











angles a;,o, 1,5, %, o, and ag ,, of Figures 9, 10, and 11, and also in 
terms of the directly measurable fractional polarizations P,,o, Ps; 
P,,, and P:,. The latter quantities express the states of polariza- 
tion of beams 1 and 2 before and after the insertion of the sample. 
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Fic. 12.—Representation of the states af polarization of the entrant beam and 
emergent beam (from ocular slit), when the Koenig-Martens instrument is 
used as a spectropolarimeter with single central slit. (A) and (C), non- 
polarized and polarized entrant beams, respectively; (B) and (D), correspond- 
ing emergent beams and conditions in photometric field 





Let the subscript “x,’’ as in Figure 12 C, refer to any case of polariza- 
tion an expression for which is desired. The fractional polarization 
is defined as follows: 


R?,— [, 
a 


P, = 


— - 
a, — sin*a, = cos 2a, 
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+P, 


. ‘ 1 
cos a;,=- 


sin’o,= 1" 
7“ 2 
and 


—1=P,=+1 
The possibility of negative values of P, arises from the choice of 
fixed reference planes (as previously defined) to express the state of 
polarization of the entrant beams, instead of using the principal 
planes (planes of maximum and minimum component amplitudes), 
which are not of particular significance in the present discussions. 
From Figure 9, showing the initial polarization of beam 1, 
y > 
RP, — = cos’a = 1 18 P 1,0 
Metis ico 2 
and, from Figure 10, after insertion of the sample, 
aR, . 1+P,. 
oT S777 =C08*a,,,=—p>— 
ar, +0°L", 2 
Dividing (12) by (11) and using equation (2 
g 7 & eq , 


2 
5 COs*as, 1+Pi, 


2 ae he (13) 
cos’a;. 1+ FP, 
In an analogous manner, using Figures 9 and 11 and equation (4), 


as sin? G23 4 1 e Ps. 
SIN” a2 6 1—P,. 


2 


(14) 


and, by multiplication of equations (13) and (14), 


COS Qi 5 sin Qos V1 +P,,.—P2,.—Fi. P,, (1 i 
= 5 = et 5) 
COS 410SING20 V1+P,,—Poo>—Piok 20 

When it is permissible to assume that the initial state of polariza- 
tion of each entrant beam is the same and that the same change 
the state of polarization occurs when the sample is inserted in either 


beam, then 
A1,0 — 42,0 = Ao 
Q1,5 — 42,5 Ag 


and equations (13), (14), and (15) become 
cos’a,_1+P, 


2 = = 
COS" a 


Be iis oe 
sin’'a, 1—P 


sin 2a, 1—P,? 
ab = ———* = Y__—*. 
sin2a, 1—P,? 
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The polarization factors a and b are, in general, functions of wave 
length. The measurement of these quantities is discussed in the 
following section. 


2. USE OF THE INSTRUMENT FOR POLARIZATION MEASUREMENTS 


Although we are not primarily concerned in this paper with the 
measurement of the polarizing properties of materials, it will be of 
interest, nevertheless, to extend the preceding discussion to include 
the general application of the Koenig-Martens instrument to polariza- 
tion measurements, a purpose for which it is particularly well 
adapted and has been extensively used by others.“ The theory 
thus available will then be applied to the polarization problem 
involved in the spectrophotometric measurements. 

Let it be required to measure the fractional polarization of a beam 
of light entering the instrument, the component amplitudes of which 
are R, and L,, respectively, as in Figure 12, C. There are two 
methods of use of the instrument for this purpose, corresponding, 
respectively, to the use of a single central collimator slit or to the 
double collimator slit arrangement shown in Figure 3. 

To use the central-slit method, let the diaphragm previously 
described as dividing the collimator slit into two parts, A and B, 
be displaced horizontally until slit A (or slit B) is centered on the 
axis of the optical system. The A (or B) images in the plane of the 
ocular slit are simultaneously displaced toward the axis of the optical 
system until the overlapping pair of images A,A and Aw (or Bh 
and B.v) are centered on the ocular slit. The vibrations in fields 1 
and 2 are now horizontal and vertical, respectively, but the angle 6, 
js still measured from the position of the nicol for the extinction of 
the vertical component amplitude of the emergent beam (now the 
position for extinction of light in the left field). 

If the instrument is arranged to be movable bodily in a horizontal 
direction, so that the (now) central slit may occupy either of the 
positions previously occupied by slits A or B in Figure 3, the light 
entering the instrument along either beam 1 or beam 2 may then be 
analyzed in the manner to be described, both before and after the 
insertion of the sample. The fractional polarization P, obtained in 
each case will be the required value of P,,., Pi,s, P2,., or P2,, in 
equations (13), (14), and (15). 

The absolute intensity of the entrant beam does not enter explicitly 
into the polarization measurements; hence, the component amplitudes 
of a nonpolarized entrant beam may each be taken as unity (fig. 
12, A). Let 6’, be the angular position of the nicol for the equality 





* Woronkoff, G. P., and Pokrowski, G. J., Zeit. f. Physik., 30, p. 129; 1924 (and in later papers by one 
or both of these authors), Wawilow, S. J., Zeit. {. Physik., $2, p. 721; 1925. 
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of brightnesses in the photometric field when the entrant beam js 
nonpolarized; then (fig. 12, B) 
rn 
T = tan? 0’, (19) 
Vv 
where 7, and 7, are again the transmissions of the instrument. 
When the entrant beam is polarized, however, with component 
amplitudes R, and L,, respectively, the conditions of the entrant 
beam and the beam transmitted by the ocular slit (emergent beam) 
are as represented in Figure 12,C and D. For the entrant beam 


L, / 
hg tan ax (20) 


x 
and for the emergent beam 
[TL 
7° > = tan 
VT. Rh, . 
where 6, is the new angular position of the nicol for equality of 
brightnesses in the photometric field. Hence 


tan a,=cot 6’, tan 6, (22 


If, now, it be possible to rotate the source of polarization relative 
to the measuring instrument through an angle of 90° about the axis 
of the entrant beam, or, by any other means, to reverse the magnitudes 
of the component amplitudes R, and L, in Figure 12, C, then the 
angle @’, may be eliminated from the polarization measurements. 
In the case of a reflection sample, under the symmetrical (non- 
polarized) illumination from the hemispherical source, this reversal 
of the amplitudes R, and L, in the reflected beam is effected simply 
by a rotation of the sample in its own plane through an angle of 90° 
about the prescribed axis. 

Let the subscripts ‘‘x” and ‘‘y”’ refer, respectively, to the direct 
and reverse conditions of the entrant beam; then, in the first case, 


’ 


tan a,=cot 6’, tan 6, 
and in the second case, 
tan (90— a,x) =cot 6’, tan 6, 
Dividing one equation by the other, 


tan’ a, = tan 6, cot 6, 
Hence 


P.- R’2—-L’ 1-—tan’ a, 
so ae tue os 


RZ+L2 1+ tan? a, 


2 Of 4, 2 
_ tan 6’, —tan?’ 6, by (22) 


be fas 
tan’ 6’,+tan?0, 


tan 6,—tan 6, 


= 7 ye 
tan 6,+ tan 6,” by (23) 
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In the applications of the Koenig-Martens instrument to polariza- 
tion measurements it is usually net necessary to replace the double 
collimator slit by a single central slit. The double-slit arrangement 
may be regarded as effectually but a splitting and separation of the 
vertical and horizontal component amplitudes of the single entrant 
beam analyzed above; for, as previously shown, only the vertical 
component of beam 1 and the horizontal component of beam 2 con- 
tribute to the brightnesses of fields 1 and 2, respectively. If the 
source of the polarized light to be measured is extended over a large 
enough area and is sufficiently uniform so that the state of polariza- 
tion of each of the entrant beams is the same, the double-slit arrange- 
ment is then equivalent to the use of the single central slit. 

The component amplitudes R, and L, of Figure 12, C may now be 
regarded as the vertical and horizontal components, respectively, of 
beams 1 and 2, and equations (24) and (25) apply without modifi- 
cation to this case. The intensities of the polarized entrant beams 
aeed not be the same, provided that the angle 6’, (now the angle 0, 
of equation (1)) is determined for the same relative intensities of two 
nonpolarized entrant beams or that the method of rotating the 
sample through 90° is used. 

The required conditions for the measurement of the polarization of 
the transmitted or reflected light may be approximately realized 
with the apparatus herein described by placing two specimens of the 


same samples orientated in the same way in each beam. It must be 
assumed, however, that the two specimens are identical, so that the 
state of polarization of each entrant beam is the same. 


3. USE OF THE INSTRUMENT FOR REFLECTION AND 
TRANSMISSION MEASUREMENTS 


(a) THe POLARIZATION PROBLEM: SIMPLIFIED FormuLAS.—In the 
preceding discussion the general theory of the use of the instrument 
in the measurement of the relative intensities and states of polariza- 
tion of the entrant beams has been considered. This theory may 
now be simplified in its application to the measurement of the par- 
ticular transmissive and reflective properties previously specified. It 
will be shown that a quantitative consideration of the polarization 
factors may always be avoided in the measurement of X with the 
present illumination apparatus and method of use of the instrument. 

The construction of the light sources herein described is such that 
one would expect. to find very little polarization of the light emitted 
directly to the spectrophotometer. Moreover, any polarization pres- 
ent would be practically the same for all wave lengths. To meet the 
conditions required in the measurement of the fractional polarization 
of the light from these sources, it is more convenient and wholly ade- 

10943 1°—28———3 
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quate for the purpose to use the Martens " polarization photometer 


(with central aperture) instead of the spectrophotometer. 
The general theory and optical principles involved in the construc- 
tion, operation, and use of this instrument for both relative intensity 
and polarization measurements are the same as described on the pre- 
ceding pages for the ‘Koenig-Martens spectrophotometer. The 
essential difference in the construction of the two instruments lies in 
the absence of a dispersion system in the Martens photometer. When 
used with central aperture the instrument measures an average 
polarization for all wave lengths contained in the entrant beam. The 
angle 6’, (equation (19)) for this instrument is practically 45°; so 
that equations (24) and (25) both reduce, in this case, to the single 
equation 
P, =! — tan’ 0; 008? 4,— sin? 6, liana (26) 
1+tan’ 60, cos’ 6,+ sin’ 6, 

Using the Martens photometer, then, in the same manner as de- 
scribed for the spectrophotometer with central slit, it has been found 
that the initial polarization of the light emitted to the spectrophotom- 
eter from the tungsten, mercury-vapor, and helium lamp sources is 
in each case less than 1 per cent. Under the symmetrical illumina- 
tion from the hemispherical source, there is no appreciable polariza- 
tion of the normally reflected light from a sample having no structural 
regularities differmg markedly in mutually perpendicular directions 
parallel to its surface. The comparison standard used is a material 
of this type. (See section V, 2.) 

In the case of some reflection samples, however, including certain 
types of textile materials, such as velvets and plushes, there is, in 
general, an appreciable polarization of the normally reflected light 
even under completely diffused nonpolarized illumination. 

To illustrate the case, the spectral polarization curves of four 
textile samples have been obtained with the Koenig-Martens instru- 
ment, used as a spectropolarimeter with double collimator slit. The 
curves are shown in Figure 13. In accordance with the theory of 
polarization measurements, two (square) specimens of each sample 
were mounted on heavy cardboard and inserted, one in each beam, 
in the regular position of the sample and standard. The photometric 
part fields of the instrument were matched with the specimens in 
the 0 and 90° positions (‘‘x” and ‘‘y”’ positions), giving the angles 
#, and 6,, respectively. The fractional polarization was then com- 
puted by equation (25). The initial (or ‘‘x”’) orientation of each 
sample was chosen to give the maximum positive polarization of the 
entrant beams as referred to the vertical plane, so that the data would 
serve as an illustration of the magnitude of the polarization effect 








16 Martens, F, F,, Phys. Zeit. 1, pp. 299-303; 1900, 
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which may be obtained in practical cases. In these measurements it 
‘s assumed that the state of polarization of the light reflected from 
each of the specimens is the same. This condition depends, of 
course, on the uniformity of the two specimens and is fulfilled to a 
sufficient approximation for these purposes, for an interchange of the 
specimens from one beam to the other had but slight effect on the 
angles 9, and 6,. 
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Fia. 13.—Reflection and polarization measurements made with the Koenig- 
Martens spectrophotometer, under the specified conditions of illumination 
and observation 


Samples were chosen from certain textile materials in order to illustrate, particularly, the 
degree of polarization of the normally reflected light under nearly completely diffused nonpolarized 
illumination. The orientation of the sample (in its own plane) was chosen to obtain the maximum 
polarization with reference to the vertical plane. 

Samples Nos. 2 and 3 are cotton back, silk cut-pile fabrics (velvets). No. 1 is a warp face sateen 
silk. No. 6isa plain weave broadcloth with a silk warp (dyed green) and a rayon filling (dyed pink). 


Replacing one of the specimens by the comparison standard, the 
values of abX for various wave lengths were obtained in the regular 
way (described later in this section) as the product cot @, tan 4 by 
equation (6). 

lt is now of interest to determine the difference between the 
measured quantity abX and the value of X itself. Having shown 
that the initial polarization of the light emitted to the spectrophotom- 
eter by the hemispherical source (light reflected from comparison 
standard) and by the transmission sources is very small, equations 
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(16), (17), and (18) may then be further simplified by placing P, =0, 
Thus 


a’?=2 cos*a,=1+P, 


b?=2 sin? a,=1-—P, 


é-1i* as >) 1 ‘ : ; 
ab=sin 2a,= ¥1—P,?=1—5 P,?, approximately (29) 


The fractional error in the measurement of X, resulting from the 
assumption that both a and b are unity (P,=0), is 


9 


a’—1=+FP,, when usmg equation (3) (30) 
b?—1=—P,, when using equation (5) (31) 


ab—1= re PZ, approximately (32) 
when equation (6) is used. Thus, in the latter case, the error is always 
negative; that is, the measured values are always too low. From 
the polarization data in Figure 13 the true values of X were com- 
puted, and the results also shown in the same figure. 

The majority of the materials presented for reflection measure- 
ments are of the type having no regularities in body or surface 
structure which would cause an appreciable polarization of the light 
reflected into the spectrophotometer, under the symmetrical coadi- 
tions of illumination and observation herein specified. For materials 
not of this type the maximum polarization is generally less than 15 
per cent. This would cause a 15 per cent error in the measurement 
of X if either equations (3) or (5) were used without regard to the 
polarization factors. Using equation (6), however, in this way, the 
error is only 1 per cent. Sample No. 2 (fig. 13) represents an extreme 
case. The polarization of 33 percent at wave length 560 my would 
cause an error of 5.5 per cent in the measurement of X, if the polan- 
zation of the reflected light is not taken into consideration.” 

As may be seen from the curves of Figure 13, the polarization is 
generally higher in the spectral regions wherein the material strongly 
absorbs the incident light. Superposed on this effect, however, there 
appears to be a general decrease in the polarization for shorter wave 
lengths. 

The polarization errors in the measurement of X may be reduced 
to negligible proportions by proper orientation of the sample in its 
own plane, for it is always possible in this way to reduce the polari- 


17 It may be noted that the polarization errors herein considered are not particularly inherent in the use 
of the Koenig-Martens spectrophotometer. Thus, in the case of another type of spectrophotometer coD- 
taining no polarizing parts whatever other than the dispersion prism, a 33 per cent polarization of the light 
reflected from the sample would cause an error of 10 per cent in the measurement of Y. Such aspe tropho- 
tometer is part of the equipment briefly described later in section V, 2. 
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zation factors a and b each to unity, leaving the initial state of polari- 
zation of the entrant beam unchanged. An inspection of the sample 
structure will usually be sufficient to determine the reference plane 
of maximum polarization (positive or negative) under the sym- 
metrical hemispherical illumination, and the sample may then be 
cut and mounted in the sample holder so that this plane of maximum 
polarization makes an angle of approximately 45° with the vertical 
reference plane previously defined (through the optical axis of the 
spectrophotometer). The component amplitudes of the entrant beam 
are then approximately the same, and since the initial polarization 
of the beam is practically zero, the required condition is fulfilled. 
If the initial polarization of the beam was not negligible, however, a 
different orientation of the sample would be required. In the oper- 
ation of interchanging the positions of the sample and standard for a 
reflection measurement, the sample itself rotates through 180°, so 
that its orientation with respect to the spectrophotometer is, under 
the symmetrical illumination, effectually unchanged. 

In transmission measurements we are usually not troubled with 
any polarization introduced by the sample itself. If the incident 
beam is appreciably polarized, however, a strained-glass sample or 
an optically active solution may possibly so alter the state of polari- 
zation as to introduce an appreciable error into the transmission 
measurements. It is well, therefore, that the initial polarization of 
the beams incident on the sample be small, as is the case with the 
sources herein employed. 

In conclusion, it may be stated that in all the transmission and 
reflection measurements to be made with the equipment herein 
described, the polarization factors may be either neglected or eliniin- 
ated by proper procedure in the measurements. Hence the previous 
formulas for X reduce simply to 

X = tan? @, cot? 0, (33) 
X = cot? 6, tan? 6, (34) 
X=cot 6; tan 6 (35) 

(}) PropaGATION OF Error THROUGH THE FormuLAs.—It is 
sometimes desirable to know the precision with which the value of 
X is determined from a set of readings of the angles of match when 
using any one of the equations (33), (34), and (35). For this purpose 
let Z;, Z,, and Z be the fractional probable errors® in the computed 
values of X by equations (33), (34), and (35), respectively; and let 
Po) Pi, and p2 be the probable errors in the determination of the cor- 
responding angles @,, 6,, and @. Then, in accordance with the 
general theory of the propagation of error,’ the following relations 





mae The atten probable error is here defined as the ratio of the probable error in X tothe valid of X 


WW Merriman, Method of Least Squares, 8th ed., p. 79, 
109431°—28——_4 
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may be derived (in which the probable errors are expressed jp 
radians): 

Z,"=16 (p,’ csc? 20, + p,? esc? 26.) (36) 

Z,°=16 (pz esc? 20.+ p,? esc 20,) (37) 

Z* =4 (p,* esc? 20, + po” esc? 202) (38) 

Let 6,, 6;, and 6, be each the mean of n settings of the angle of 

match. Let 2A@,, 2Aé@,, and ZA@ be the sum of the n residuals of 

6,, 6, and 4, respectively, these residuals being taken without 

regard to algebraic sign and expressed in circular degrees. The rela- 

tion between the probable error of the mean of the observed angles 

and the sum of the residuals is given by the approximate formula” 

0.8453 DA@ 


ater ih. (39) 
nyn—1 

In routine spectrophotometric measurements, 10 settings are 
usually made of each angle of match. Placing n= 10 in equation (39) 
and remembering that p in equations (36), (37), and (38) must be 
expressed in radians, the following formulas are then obtained: 





[SA0,F, SA0P 
Z,=0.002 ¥ sin? 20, — sin? 26, 


/ [ZA0,|? _ [Ad]? 


Z,= 0.002 sin? 26, * sin? 20, 


[240,? , [20,7 
Z ane 0.001 sin? 20; sin? 20, 


A useful graph for the computation of the probable error by any 
one of the equations (40), (41), and (42) has been previously pub- 
lished,” but is reproduced in the present paper in Figure 14. The 
legend on this graph clearly explains its use with equations (35) and 
(42). The symbols X and Z are replaced by 7 and (P.E.),/T, 
respectively, on the graph. Its use with equations (40) and (41) i: 
obviously the same. 

(c) Cuoice or Formuta For Routine Worx.—It is evident that 
two different methods of use of the instrument are available for the 
measurement of X. In the first method the two parts of the field are 
matched with the sample in either beam 1 or beam 2, and again with 
both beams clear. Equation (33) is used in the first case and equa- 
tion (34) in the second case. In the second method the two parts of 
the field are first matched with the sample in (say) beam 1, then agail 
with the sample in beam 2, and equation (35) is used. 


* Smithsonian Physical Tables, 2d rev. ed., p. 59; 1920. 

% See paper by Priest, McNicholas, and Frehafer on ‘Some tests of the precision and reliability of 
measurements of spectral transmission by the Koenig-Martens spectrophotometer,” J. O. S. and R. 8.1, 
p. 211; 1924. 
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The second method is generally applied in all work with the 
instrument, chiefly for the following reasons: 

1. The possibility of polarization errors are very much reduced, 
and we may assume that for all ordinary samples no appreciable 
polarization errors are present in the measurement of X when equa- 
tion (35) is used. 


2 4 S$ 
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eer 9 ERROR OF TR ANSMISSION 
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SPECTROPHOTOMETER BY FORMULA 
T = cot 0, tan 0, 
PE), 1s probable error of T determined 
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Fig. 14.—Graph for the evaluation of probable errors 


2. In the second method the field brightness at match is nearly 
the same for both positions of the sample. This is an important 
consideration in the measurement of low values of X, as it avoids 
eye strain and consequent loss in photometric precision which would 
result from alternate settings at widely different field brightnesses. 

3. A consideration of the probable errors in X shows that the 
precision with which the value of X is determined from a set of 
readings of the angles of match is different for each of the equations 
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(33), (34), and (35), and that a greater precision of measurement js 
generally obtained in the second method of use of the instrument, 

In the following comparison of the two methods of use of the 
instrument we are justified in making the following approximations 
in the preceding formulas for the probable errors: Let p,=p,= D 
in equations (36) and (37), and let p,=p,;=p in equation (38), 
Place 0,=45°, so that 6.=90—0, and 7,=Z,. Then 


Z Pp 


When the same number of settings of each angle of match is made in 
each of the two methods of use of the instrument, we may place 
Pi =p, showing that 

Z.>2Z 


However, if the angle @, could be relied upon to remain constant 
under ordinary working conditions over an indefinite period of time 
it would then be feasible to determine this angle with high precision 
and use the values continually in all the spectrophotometric work. 
Accordingly, the probable error in 6 could be neglected in equations 
(36) and (37), so that the precision of measurement by the first 
method is thereby increased, whereas the number of photometric 
field matches, for a given value of p,, would be reduced by one-half 
of the number required when the angle 6, must be redetermined 
with each determination of the angle 6. By equations (36) and 
(38) we would have, in this case, 


Baie Pr 
Z=v2 D (44) 


for all values of 4;. 

Now, let the n photometric field matches, which must be divided 
equally between the angles 0, and @ in the second method of use of 
the instrument, be all made for the one angle @, (or 6) in the modi- 
fied first method described above. Assuming that the sum of the 
residuals is in each case proportional to the number of photometric 
matches, we may evaluate the ratio p,/p by equation (39), showing 
that 

RATE 
v2 yn-1/2 


Hence, in this case, Z;=Z, approximately, when n is fairly large, 
say about 10 or 20. 

Whereas some advantages might be derived from the use of equé- 
tions (33) or (34) with the Martens photometer under certain expet'- 
mental conditions, it is probable that the modified first method would 
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not be satisfactory and reliable for general use in routine spectro- 
photometric measurements with the equipment herein described. 
As previously mentioned, the angle 0 varies slightly throughout 
the spectrum and would be subject to change with the deposition of 
dust or with the formation of slight diffusing films on the optical 
surfaces, particularly those surfaces outside of the instrument, where 
the beams of light to the spectrophotometer are completely separated. 

(4) Use or One QUADRANT OF THE CrRCULAR SCALE ON THE 
Nico. Mountine.—As previously stated, angles of match can be 
obtained in all four quadrants of the circular scale when the sample 
is placed in either beam. In order to eliminate all errors in the 
reading of these angles, such as may be caused by eccentricities of 
the circular scale and vernier of the nicol mounting, it is necessary 
to average settings made in all four quadrants of the circle. The use 
of four quadrants instead of one slightly complicates the experimental 
procedure, with the result that more time is consumed in the meas- 
urements. In routine work, therefore, it is desirable to avoid this 
complication, if possible. 

To investigate the relative importance of thes errors, let the true 
angular position of the principal plane of transmission ON of the nicol 
be given by the (imaginary) @ scale shown in Figure 15. This scale 
is fixed in position relative to the instrument and is accurately centered 
on the axis of rotation of the nicol. Angles are measured in each 
quadrant from the position of ON for the extinction of light in the 
right field. Assuming that the vibrations in the plane-polarized 
beams entering the nicol from fields 1 and 2 are exactly at right angles 
to each other, then the angular position of the nicol for extinction of 
light in the left field is exactly 90° on the 4 scale. 

Let the ¢ scale be the circular scale actually engraved on the nicol 
mounting. The following assumptions are made in regard to this 
scale: 

1. The engraving of the scale is accurate, all divisions being exactly 
1° apart. 

2. The-center O’ of the graduated circle is slightly eccentric with 
the center O of the @ scale. Hence 0’ rotates about O with rotation 
of the nicol. 

3. When the nicol is set in position for extinction of the right field 
(zero position, as in fig. 15), there is a small angular displacement of 
the whole ¢ scale relative to the 6 scale, and a displacement of the 
vernier so that its zero line may not coincide with either the zero or 
90° marks of the ¢ and @ scales. The ¢ scale rotates with the nicol, 
the (single) vernier being attached to the body of the instrument. 
The angular displacements of both the index and the ¢ scale relative 
to the @ scale cause errors in the reading of @ which are constant 
(numerically) over the whole circle. In the discussion of these 
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errors, however, we can regard the position of the index as exactly 
coincident with the 90° mark on the @ scale and include both displace. 
ments in a single rotation of the ¢ scale. 

The errors in the reading of the angular positions of the nicol ar 
caused, then, by the combined effect of the linear and rotary displace. 
ments of the ¢ scale relative to the @ scale. 

It is evident that there is only one angle of match, 0, for which the 
readings in opposite quadrants of the ¢ scale are exactly 180° apart, 
At this value of 6 the center of the ¢ scale lies on the line connecting 
the zero of the vernier with the center of the @ scale. For all other 
angles of match the reading in one quadrant will be as much too large 


WERNIER LVERNIER 











Fic. 15.—Illustration of errors in the circular scale on nicol mounting 
(Koenig-Martens spectrophotometer) 


Double arrow ON represents principal plane of transmission of nicol. O indicates axis of 
rotation of nicol. © scale (imaginary) gives true angular position of ON. # scale is the circular 
scale actually engraved on nicol mounting. (A) shows combined effect of eccentricity of centers 
and rotatory displacement of ® scale relative to 0 scale. (B) shows rotatory displacement only. 
The dotted lines indicate positions of ON for a photometric field match in each of the four quad, 
rants, and corresponding angles read with the vernier. 


as the reading in the opposite quadrant is too small, so that theerror 
resulting from an eccentricity of the centers is eliminated by averaging 
the two readings in opposite quadrants. The error caused by a pure 
rotation of the ¢ scale relative to the @ scale is, on the other hand, 
eliminated by proper averaging of readings in adjacent quadrants. 
Let subscripts I, I, ITI, and IV denote readings made in the first, 
second, third, and fourth quadrants, respectively. Then 


o1+ (d111— 180) | (180 — dir) + (360 — gry) 
2 a 2 





26= 


40 = 360 + $1— $11 + o111— Ory 
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It is evident that the same small angular increment added to each 
value of ¢ in the above formula leaves the value of @ unchanged. 
Thus, by combining angles of match made in all four quadrants in the 
above manner, all errors in the reading of the value of @ on the ¢ scale 
are eliminated. 

The amount of the eccentricity and rotary displacement of the ¢ 
scale relative to the true 6 scale may be determined from readings of 
the angles of match in each of the four quadrants of the circle, when a 
low transmission sample (for instance) is placed alternately in each 
beam. The @ values will be the same in adjacent quadrants, but the 
readings on the ¢ scale will generally not be equidistant from the 
0, 90, 180, or 270° marks. Let the subscripts 1 and 2 refer to the 
positions of the sample in beams 1 and 2, respectively. The angular 
differences between the 0, 90, 180, and 270° marks on the ¢ scale and 
the corresponding positions on the @ scale are denoted by the general 
symbol [@— ¢] and given by the following equations: 


1 
[0— ]5—0 = 180 — 5 (b2,1v + o2,1) (46) 


1 
[8 — d]g—00 = 90 — 9 (1,1 + $1,121) (47 


1 
[8 — ]g—180 = 180 — 5 (2,11 + 2,111) (48) 


se 1 
[0 — d]g—270 = 270-5 (1.111 + 1,1v) (49) 


These differences are the result of both sources of error mentioned 
above and will not generally have the same value. (Fig. 15, A.) 
Let « be the average of the four values of [?—¢] thus obtained. 
Then ¢ represents the rotational displacement of the scale as a whole, 
and the residuals are an indication of the eccentricity of the center. 
If the eccentricity of the ¢ scale is negligible or zero, however, the 
(6—] differences are the same for all parts of the scale. In this 
case (the sample being stationary in either beam) 


4e= 720 — o1— $11 — $111 — G1v (50) 


True values of 6 can then be obtained by applying the constant cor- 
rection € to the readings of ¢, as made in one quadrant only, or by 
adjusting the vernier into coincidence with the zero mark on the ¢ 
scale when the nicol is set for the extinction of light in the right field. 

To test the accuracy of the scale on the particular instrument 
herein used, angles of match have been made in all four quadrants in 
the measurement of the transmission of the 1 and 10 per cent sectored 
disks, The mounting of the disks has been described, and their use 
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with the instrument will be further discussed in section V, 1. The 
[9—] differences in equations (46), (47), (48), and (49) were found 
to be practically the same for this particular scale, and the value of 
e was 0.24°. In Table 1, columns 3, 4, 5, and 6, the transmissions 
are recorded as computed from the corrected angles of match, using 
each quadrant separately. In column 8 the transmissions are com- 
puted from the averaged angle as given by equation (45). The pur- 
pose of this table is to show that it is not necessary to make readings 
in more than one quadrant of the circular scale in routine spectro- 
photometric work with this particular instrument. Errors intro- 
duced by neglecting the small correction to the scale readings are 
reduced by use of equation (35) instead of either of equations (33) or 
(34), for the angles of match are then more nearly equally distant 
from 45°, and the same small increment added to both @, and 4, 
causes counteractive changes in the cotangent and tangent. If the 
scale correction € were neglected in the computation of the trans- 
missions in column 3 of Table 1, the values obtained would be on 
the average about 1.8 per cent lower than the values in column §8. 
In the measurements of the 10 per cent sectored disk the values 
would be lower by only 0.4 per cent. By care in the adjustment of 
the vernier the above errors may be further reduced. An error of 
0.2° is of no importance unless very low values of X are being meas- 
ured, so that 6, and @ are close to 90 or 0°, respectively. Read- 
ings in these parts of the scale are therefore avoided by use of the 
sectored-disk attachment. 

In routine work with the instrument, then, readings of the angle 
of match are made only in the first quadrant of the circular scale. 
An occasional check is made on the adjustment of the vernier. 


TABLE 1.—Transmission measurements with the Koenig-Mariens spectrophotometer, 
using four quadrants of the circular scale on the ivicol mounting 
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(e) ProcepuRE IN MEAsuREMENTS.—The usual procedure in 8 
transmission or reflection measurement at a given wave-length 
setting is as follows: After the wave-length scale has been set to the 
desired position, 5 settings of the angle of match 6, are made in the 
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first quadrant with the sample in (say) beam 1. The sample is then 
shifted to beam 2, and 10 settings of the angle 6, are made. RKe- 
turning the sample to beam 1 again, the group of 10 settings of 6; is 
completed. As these readings are made they are immediately 
recorded by the observer on an (8-place) adding machine, the key- 
board of which is split so that 6, and @, may be recorded in separate 
columns. This machine is shown in Figure 1, conveniently situated 
for the observer’s right hand. After the two sets of readings at a 
particular wave length are completed, a pull on the lever adds these 
readings, and thus records the mean angles. When a complete set 
of measurements have been made at various wave lengths throughout 
the spectrum, the values of X are computed with a special slide rule 
having a cotangent and tangent scale.” 

In the case of some reflection samples the intense illumination from 
the hemispherical source may, as previously noted, cause changes in 
the reflective properties of the sample during the course of the 
measurements. In order to detect these changes and to make an 
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Fig. 16.—Order of determinations with respect to wave length, generally followed 
in reflection measurements 











approximate correction therefor, a definite predetermined order of 
observation with respect to wave length is always followed. The 
procedure may vary with the type of sample to be measured and 
with other conditions; but the order of observation generally fol- 
lowed is depicted in Figure 16 and represents a minimum set of 
observations for a given reflection sample. If the determinations 
1 and 4 (at wave length 560) show no change, for instance, but a 
definite difference is found between determinations 2 and 9 (at wave 
length 660), one may generally assume, to a first approximation at 
least, that the change has been progressive with time and that pro- 
portional changes have taken place at the intervening or adjacent 
wave lengths. . Sometimes the reverse changes are noted. If there 
is reason to suspect that the sample is particularly subject to change 
in the blue region of the spectrum, the series 13 to 20 may precede 
4to 12. A more elaborate arrangement of the observations may be 
devised in particular cases. 





” Made to order by Keuffel & Esser Co., Hoboken, N. J., after design by I. G. Priest at the Bureau 
of Standards, 
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It is difficult to establish any fixed order of observation for al] 
samples or rules for the correction of the data. The experience and 
judgment of the observer determines the exact procedure followed 
with a given kind of material, type of reflection curve, or other cir. 
cumstances. Usually the changes, when they do occur, are not more 
than a few per cent of the value measured, and the approximate 
corrections derived from a study of the observed changes at a few 
chosen wave lengths are better than none whatever. The nature of 
the materials usually does not warrant more accurate data than are 
obtained in this way. In cases wherein a large change does occur 
it is often desirable to repeat some of the measurements with the use 
of a new and unexposed sample of the material. 


4. FURTHER REMARKS ON THE INSTRUMENT AND ITS ADJUSTMENTS 


(a) Stray Licgur.—Although the optical parts of the instrument 
are well inclosed by the manufacturer, it was formerly necessary to 
remove some of these parts during the course of each year in order to 
clean the optical surfaces and thus prevent the appearance of an 
excessive amount of stray light in the photometric field when working 
in either end of the spectrum. This stray light arises for the most 
part from a slight film which, in the course of time, forms on the 
exposed surfaces of the biprism and the collimator-lens wedge. The 
other surfaces appear to remain clear. In the hope of avoiding the 
frequent removal and cleaning of these optical parts, the spectro- 
photometer has been inclosed in a dust-proof and approximately 
moisture-proof box, which is shown in Figure 1. (Door shown open 
ready for measurements.) This housing prevents the accumulation 
of dust on the instrument and has proved very effective in retarding 
the development of stray light in the photometric field. Several 
glass light filters are provided, having transmission bands in different 
regions of the spectrum. These filters may be placed between the 
eye and the nicol and practically eliminate any small amount of 
stray light present. 

(6) Puorometric Firtp.—Under ordinary conditions of measure- 
ment and with the sources of light herein employed the photometric field 
of the instrument is well-nigh perfect, with a complete disappearance 
of the dividing line when both parts of the field are matched in bright- 
ness. The photometric precision of the brightness matches is be- 
lieved to be as good as can be obtained with any other’ type of photo- 
metric field used in spectrophotometry. 

There is one experimental condition, however, under which very 
imperfect field conditions will be obtained unless care is taken in the 
adjustment of the lens—Wollaston—biprism combination (hereafter 
referred to by the letters LWB). This condition often arises in trans- 
mission or reflection measurements on materials exhibiting a strong 
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selective absorption, so that the spectral distribution of the light 
entering one of the collimator slits of the instrument is varying 
rapidly with the wave length in certain regions of the spectrum, 
whereas the variation with wave length of the light entering the other 
collimator slit is comparatively small. The extremely rapid varia- 
tion in the spectral light distribution of the entrant beam may be 
accompanied by an appreciable variation in brightness across the 
corresponding half of the photometric field, this variation being always 
in a direction parallel to the dividing line (vertical). The brightness 
in the other half of the field will, on the other hand, appear sensibly 
uniform. ‘This brightness variation may be directly attributed to two 
possible causes, both producing the same effect. These causes are: 
(1) The inaccurate focusing of the telescope lens, and (2) the spherical 
aberration present in the lens system of the instrument. 


OCULAR a” & PHOTOMETRIC FIELD 
~ DIAMETER 8mm 





gh A~2g 
~-A~B° 
A 





OCULAR SLIT TELESCOPE LENS C, 


FOCAL LENGTH !9 cm 
Fic. 17.—Conditions resulting in a nonuniform brightness distribution over the 
photometric field 

















An explanation of the effect will now be given, along with the proper 
procedure to be followed in the adjustment of the LWB combination 
in order that the above causes may have a minimum effect on the 
uniformity of the brightness distribution over the photometric field. 

In the first part of this discussion all defects which may be present 
in the lens system of the instrument will be neglected. The LWB 
combination is regarded as a perfect lens. We recall, however, that, 
as viewed through the ocular slit, the lens surface is divided into two 
equal parts by the line of intersection of the biprism faces (dividing 
line in photometric field; see fig. 17, upper right) and each part is 
independently illuminated by light entering the corresponding col- 
limator slit (fig. 3). Let the wave-length scale of the instrument be 
set for a particular wave length \ and let the entrant beams be hetero- 
geneous with respect to wave-length composition. 
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Consider a homogeneous bundle of rays of wave length » entering 
the instrument through the central point of the collimator slit A, 
These rays may be assumed in the present discussion to be incident 
on the telescope lens, in Figure 17, as a parallel beam which is itself 
parallel to the axis of the lens; they are brought to a focus at the point 
O’ on the axis and in the focal plane F\F, of the lens. Let the ocular 
slit, which is centered on the axis of the lens, be displaced a distance 
00’ from its correct position in the focal plane. Consider, now, 
another homogeneous bundle of rays of wave length \—4), originat- 
ing also at the central point of the slit 4. These rays will be slightly 
inclined to the axis of the telescope lens and also brought to a focus 
at a point in the plane F,F,. The wave-length difference 5\ may be 
so chosen that the ray which passes through the point B, near the 
periphery of the lens will also pass through the central point O of the 
ocular slit. Assuming as a first approximation that the wave-length 
dispersion is linear across the ocular slit, we have similarly a ray of 
wave length \— 26d passing from point B, to the point P in the plane 
of the ocular slit and intersecting the ray of wave length d from the 
point €,. In like manner other rays may be drawn as shown from 
points A, and (C, on the center and lower parts of the lens surface. 
These rays are all represented as having originated from the central 
point of the collimator slit A. 

We now take into consideration all bundles of rays of different 
wave lengths passing through various points of the collimator slit A 
and through various points in the neighborhood of point B, on the 
lens surface. It is then possible to draw a pencil of rays for each 
wave length, centered on the single rays which are shown in the figure, 
and with the apex of each pencil at the point B,; each pencil subtends 
the image of the slit A for the corresponding wave length, this image 
being here considered as formed only by rays passing through the 
surface of the lens in the immediate neighborhood of the point ,. 
The slit images for different wave lengths are displaced vertically 
relative to one another to form a sharply focused spectrum in the 
plane FF, but a slightly out-of-focus spectrum in the plane of the 
ocular slit. Considering all the rays passing through any other 
small area of the lens surface, as at points A; and C;, a similar con- 
struction of rays may be made. It is evident from Figure 17 that the 
various spectra thus formed by various portions of the telescope lens 
coincide exactly in the plane F,F,, but are not coincident in the plane 
of the ocular slit. The spectrum formed in the latter plane by the 
upper part of the lens, at B,, is shifted downward toward the longer 
wave lengths by an amount 4), relative to the spectrum formed by 
the central part of the lens. Similarly, the spectrum formed by the 
lower part of the lens, at C,, is shifted upward toward the shorter 
wave lengths by (approximately) the same amount. In addition to 
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the vertical shift, there is also.a lateral shift of each spectrum relative 
to the spectrum formed by the central part of the lens, this shift 
depending on the horizontal distance from the center of the lens of 
the image-forming portion under consideration. As will be shown 
later, the effect of the horizontal shift on the brightness variation 
across the photometric field is entirely negligible. 

Looking through the ocular slit at a central portion of lens surface 
in the neighborhood of point A, (or A», fig. 17), one sees this area 
illuminated by light of mean wave length A, but extending over a 
spectral range depending primarily on the widths of the collimator 
and ocular slits bemg used. The image on the retina of the eye is 
formed with all the homogeneous ray pencils, previously defined, 
originating at points in the area about A; and subtending the whole 
or a part of the ocular slit. The image of an upper portion of the 
lens surface in the neighborhood of point B, (or B,) is formed with 
light of approximately the same range of wave lengths, but the mean 
wave length in this range is lower by 5d than the mean wave length d 
at the center of the lens. Similarly, for a lower portion of the lens 
surface in the neighborhood of point C, (or C,), the mean wave length 
is higher by 6A. There is no appreciable variation in mean wave 
length in a horizontal direction across the photometric field. The 
angle QB,O (which is equal to PC,O).is practically independent of \; 
but the wave-length shift 6\, which corresponds to the linear distance 
OP (or OQ) in the spectrum, increases rapidly with an increase in \ 
as a result of the decrease in the linear dispersion in the spectrum 
toward the longer wave-length region. Hence, the shift in the mean 
wave length over the photometric field increases as the ocular slit is 
moved toward the longer wave lengths. 

Now, let the spectral light distribution in beam 1 (say) be decreas- 
ing very rapidly with the wave length, whereas the variation with 
wave length of the light in beam 2 is, on the other hand, compara- 
tively small. Then, if the nicol is set for equality of brightnesses at 
A, and A, where the. mean wave length is \, there will be an appre- 
ciably lower brightness in the upper part of field 1 at point B,, where 
the mean wave length is \— 6d, and a higher brightness at C,, where 
the mean wave length is \+46\. Unless the ocular slit is very badly 
out of focus, the small wave-length shift 5 will cause no appreciable 
difference between the brightnesses at points A», B:, and Q,. 

It is obvious from Figure 17 that the magnitude of 5 may be in- 
creased or decreased by moving the ocular slit parallel to the axis of 
the lens, so that the distance 00’ is increased or decreased. Thus, 
when 00’ is zero, 6 is also reduced to zero; hence, the photometric 
field must appear uniform in brightness. When the slit is moved in 
beyond the point 0’, the brightness gradient across the field is, of 
course, reversed, 
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We will now consider the effect of any spherical aberration which 
may be present in the lens system of the instrument. In order to 
use Figure 17 for this purpose, any effect of the collimator lens will 
not be represented. The spherical aberration of this lens would but 
increase the effect introduced by the telescope lens. Chromatic 
aberration and other defects in the optical system are of minor 
importance in this connection, and are therefore neglected in the 
following discussion. 

Let a narrow pencil of rays of wave length , passing through the 
central -part of the lens, be brought to a focus at 0’, as before. Asa 
matter of convenience in the diagram, we may choose the distance 
0’0”’ to represent the longitudinal aberration of the lens. Then, a 
pencil of rays of wave length \ from a peripheral part of the lens at 
B, will be brought to a focus at a point slightly above the axis of the 
lens on the line B,O’’. (The locus of all the foci of these narrow 
pencils of rays from various portions of the lens would form the 
caustic surface of the lens for the wave length X.) Similarly, a ray 
B,O’ of wave length \—6\ may be drawn coincident with the ray of 
wave length d in the previous discussion. The ray (,0’ is now of 
wave length \+6\, and, likewise, other rays shown in the diagram 
are shifted in wave length by the same amount 65d. It is evident 
that the previous discussion applies identically to this case, so that 
the aberration effect is minimized by moving the center of the ocular 
slit to the point 0”’. 

It is probable that the aberration effect is small, if not negligible, 
and that the focusing effect accounts for the greater part of the 
brightness gradient which may be observed in the photometric 
field under the conditions described above. 

As illustrated in Figure 17 (upper left), the images of the two 
collimator slits do not coincide over their entire length. At their 
closest contact they make an angle of approximately 4° with each 
other. It is of interest to consider what relation, if any, this crossing 
of the images may have on the focusing (or aberration) effect dis- 
cussed above. This crossing of the images is a result of the curvature 
in the plane of the image, introduced by the action of the dispersion 
prism. If the biprism and Wollaston prism were removed from the 
instrument, the images of the two (separated) collimator slits would 
lie on the are of a circle as shown at A and B in the figure. The 
Wollaston and biprism combination, however, in addition te dividing 
these images into eight separate images, as previously explained, 
shifts them horizontally, causing two of them to overlap as shown at 
the center of the ocular slit. The horizontal! shift of the spectra 
formed by the lateral portions of the telescope lens would obviously 
result only in a slight difference between the mean wave lengths at 
corresponding points, such as D, and D,, in the lateral areas. ‘The 
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crossing of the images will also broaden the total wave-length range 
included by the ocular slit. In this respect it is equivalent to a widen- 
ing of the ocular slit in the diagram. This does not change the 
distance OO’ or therefore the value of 54. The actual range of wave 
lengths above and below the average is increased, however, equally 
over all parts of the lens. If the rapidly varying spectral light 
distribution in the entrant beam is not a linear function of the wave 
length, it is possible that the brightness gradient across the lens may 
thereby be slightly increased or decreased. Experiment shows, 
however, that a change in the ocular-slit width, or a decrease (by 
use of a diaphragm) in the length of the slit, has very little effect on 
the appearance of the field. 

The brightness gradient is never present when a homogeneous 
source, such as the mercury arc, is used for the illumination of the 
collimator slits. If the collimator-slit images were exactly parallel 
to the ocular-slit jaws, however, and if the edge of the ocular slit 
were then allowed to encroach slightly on the image of the spectral 
line, a brightness gradient across the lens would be observed. This 
is evident from a consideration of the \ rays only in Figure 17, 
letting the distance PQ represent the image of the collimator slit 
formed by the central portion of the telescope lens. The shifted 
image formed by a peripheral portion of the lens is obviously partly 
cut off by one edge of the slit, causing a decreased brightness in the 
corresponding part of the photometric field. (The duplication of 
this pattern for infinitesimal wave-length steps, as when a con- 
tinuous-spectrum source is used, results in the somewhat different 
brightness gradient previously discussed.) It may be noted that the 
shift of the slit images is greatly exaggerated in the diagram. Unless 
the slit is very far from the plane FF, a rather nice adjustment of its 
edges would be necessary in order to observe any brightness gradient 
across the field, when a line-spectrum source is used. The crossing 
of the slit images, however, never permits the required relation to 
exist. 

The brightness gradient can not be completely eliminated in the 
Koenig-Martens spectrophotometer, owing to the asymmetry intro- 
duced into the optical system by the wedges on the collimator and 
telescope lenses. In Figure 18 it is shown that the rays passing the 
upper parts of the telescope lens suffer excessive refraction and cross 
the axis of the lens. between the point O’ and the lens. Similarly, 
the rays passing the lower parts of the lens cross the axis slightly 
beyond the point 0’. The aberration, if present, is consequently 
also greater for the upper parts of the lens and less for the lower 
parts than that previously represented in Figure 17. There is no 
position of the ocular slit, therefore, for which the whole field is 
equal in brightness to the central portion, With the center of the 
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slit at O’ the brightness gradient from the central toward the lower 
portions of the photometric field is reversed, whereas the gradient 
toward the upper portions is not entirely eliminated. Hence, it js 
evident that both the lower and upper parts of the field will be some- 
what darker than the central part. 

This condition of the photometric field is not serious, and the 
importance of the residual brightness gradient, considered as an 
inherent defect in this particular type of instrument, must not be 
overrated or adjudged by the length of the discussion here given to 
it. The residual effect is only occasionally observed in transmission 
measurements under the condition previously stated. It is entirely 
absent when the mercury-vapor or helium lamp sources are used, as 
previously explained. In the case of reflection measurements the 
required condition of the entrant beam is rarely present. The effect 
introduces no error in the spectrophotometric measurements, if only 





Fic. 18.—Effect of the asymmetry of the lens system on the brightness gradient 
across the photometric field 


the central portion of the photometric field (which is free from the 
disturbing effects above described) is used for the brightness matches. 
But the precision of the settings of the angle of match is somewhat 
reduced, owing to the decreased area of the field and the decreased 
length of the dividing line which may be used. 

The brightness gradient may well become a serious matter in the 
use of the Koenig-Martens spectrophotometer, however, if more 
than ordinary care is not taken in the adjustment of the distance of 
the Z WB combination from the ocular slit. The slit being stationary 
in this instrument, the Z WB combination must be moved along the 
axis of the telescope tube. The ordinary method of adjustment, 
using an eyepiece to view the ocular slit and adjusting the position 
of the lens so that the image of a spectral line is apparently as sharp 
as possible, is not sufficiently sensitive for the purpose. A better 
adjustment may be made in the following manner; 
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The condition for the appearance of the brightness gradient is first 
established by inserting the proper type of (transmission) sample in 
one of the entrant beams. A high-transmission red glass with a 
sharp cut-off in the orange region of the spectrum is a suitable sample 
for this purpose. If the wave-length scale is set to a wave length 
on the steep slope of the transmission curve, the brightness gradient 
will generally be visible when the continuous-spectrum source of 
light is used. The ZL WB combination is mounted in a brass tube 
which fits snugly into the telescope tube and is held in place by a 
clamping screw. Loosening this screw, the combination may be 
moved along the axis of the tube and also rotated about this axis. 
The combination is moved toward or away from the slit until the 
brightness gradient is reduced to a minimum. During this operation 
the center of the photometric field may be kept matched in bright- 
ness by rotation of the nicol; also, the angular position of the combina- 
tion must be properly maintained such that no color difference 
appears between the two halves of the field. This color difference 
appears when the two line images of the collimator slits (fig. 17, 
ipper left) are not crossing approximately at the center of the ocu- 
lar slit, for it is evident that when this condition is not fulfilled the 
two spectra formed with all the light passing fields 1 and 2, respec- 
tively, are then shifted vertically and in opposite directions relative 
to each other. The mean wave length of the small spectral range 
transmitted by the ocular slit is then. different for each spectrum, 
and consequently for each half of the photometric field. The image 
will cross at the center of the slit when the intersecting line of the 
biprism surfaces (dividing line in the photometric field) is perpendic- 
ular to the line MN. 

The final adjustment of the angular position of the Z WB combina- 
tion may be made more accurately by removing the red glass from 
the entrant beam and setting the wave-length scale in the neighbor- 
hood of wave length 580 my, for in this region of the spectrum a small 
change in wave length produces a maximum change in color. The 
fnal adjustment is best made, however, by illuminating the colli- 
mator slits with a line-spectrum source (such as the mercury-vapor 
lamp), then replacing the nicol with the eyepiece in order to view the 
slit images in the plane of the ocular slit, and finally making any 
rotation of the Z WB combination necessary to obtain a crossing of 
the images at the center of the slit. The complete adjustment of the 
LWB combination is easily accomplished, and when once made is 
very stable. 

(c) Wave-Lenetu Scate.—Occasional attention to the adjust- 
ment of the wave-length scale is necessary. For this purpose the 
eyepiece is again used to view the ocular slit. Using the homogeneous 
light from the helium and mercury-vapor lamps, the check or recali- 

109431°—28——_5 
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bration of the scale is quickly made by finding the scale reading fo; 
which the crossed images of the collimator slits are centered on the 
ocular slit. 

(d) CrrcuLar Scate.—-The circular scale on the nicol mounting is 
large enough (75 mm in diameter) so that tenths of a degree may 
easily be estimated or read with the vernier. A low-power reading 
lens is provided for this purpose. This scale, with its single vernier, 
is sufficiently accurate for photometric purposes (when the regions 
close to 0 and 90° are avoided, as previously discussed). Successive 
settings of the nicol can not generally be made closer than 0.2°; and 
in consequence of some obscure subjective vagaries of the human 
visual system the mean of a number of settings of the angle of match 
may vary as much from time to time. 

(e) GENERAL Remarks.—The instrument is compactly made and 
is convenient to use. As shown in the vertical median section of 
Figure 3, the refracting edge of the dispersion prism is horizontal, 
giving the telescope tube an upward slant. The observer thus takes 
a convenient and natural position at the instrument, which adds con- 
siderably to his comfort during a long continuous series of observa- 
tions, and hence to the quality of his work. The greatest disad- 
vantage in this type of instrument is the waste of light inherent in 
the nature of the optical system. Some minor mechanical imperfec- 
tions do exist, as in the construction of the ocular slit; because of the 
method employed for the mounting of the nicol prism this slit is 
somewhat inaccessible and is not provided with a means for quick 
and accurate adjustment in width. Whereas some _ improve- 
ments in the construction of its mechanical parts could be sug- 
gested it is doubtful if such changes would increase the general 
accuracy of measurement attainable with the instrument. Other 
matters in visual spectrophotometry would warrant a corresponding 
consideration. 


V. USE OF EQUIPMENT AND TESTS OF ITS PERFORMANCE 


1. TRANSMISSION MEASUREMENTS 


The tungsten lamp (continuous spectrum) source is for obvious 
reasons used in the greater part of the transmission work. The 
maximum brightness of this source (88 lamberts) is more than 
sufficient for measurements in the more luminous region of the 
spectrum, so that the lamps are usually operated below normal 
voltage, except in the blue and extreme red ends of the spectrul 
or for low-transmission samples. 

Many of the materials presented for transmission measurements 
(such as dye solutions, colored glasses, etc.) often exhibit rapid 
variations of transmission with wave length (steep transmission 
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curves) in certain regions of the spectrum. In these cases a small 
spectral range (narrow collimator and ocular slits) must generally 
be used in order to avoid slit-width errors™ in the measurements. 
Except on the steep sides or near the minima or maxima of strong 
absorption bands, a spectral range of about 5 my is generally safe 
for all spectrophotometric work. The slit widths on the Koenig- 
Martens instrument corresponding to a 2 and 5 mu spectral range * 
are given in Table 2. ' By experience the observer learns to adjust 
the slit widths to suit the conditions of measurement, thus obtaining 
in many instances the advantage of greater field brightness when 
needed without introducing appreciable errors in the work. 


TaBLE 2.—Widths of ocular slit on the Koenig-Martens spectrophotometer, for the 
inclusion of a given wave length range of pure spectrum 
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In this connection the measurements with the helium and mercury- 
vapor lamp sources are of special value as checks on the measurements 
made with the heterogeneous (tungsten lamp) source. With the 
homogeneous light from these sources the slits may be opened wide 
without danger of slit-width errors and with a proportional gain in 
field brightness. The distribution of the Hg and He wave lengths 
usually permits a check on the steep part of the transmission curves. 

The availability of the Hg lines at wave lengths 436 and 405 mu 
is of further advantage in supplementing the continuous-spectrum 
source in the blue and violet regions of the spectrum, where the field 
brightness with the latter source is usually too low for best photo- 
metric work. Using these homogeneous radiations, however, pre- 
cise measurements may be made at the corresponding wave lengths 
for transmissions as low as 1 per cent at wave length 405 my and lower 
at435 my. This matter is of considerable importance in the computa- 


® See discussion of slit-width errors in papers by Nichols and Merritt, Phys. Rev., 30, p. 328; 1920. 
Hyde, E. P., Astrop. J., 35, p. 237; 1912. 

* The spectral range included by the ocular slit is somewhat indefinite until further conditions are speci- 
fied. The data in Table 2 are computed from the wave-length calibration curve of the instrument and 
Tepresent the ocular-slit widths which would include a given range of a pure spectrum such as would be 
formed if the collimator slit were very narrow. When the collimator-slit width is equal to that of the 
ocular slit, the actual range of wave lengths in the transmitted light is doubled, owing to the overlapping 
of collimator-slit images at the ocular slit; but a greater part of the total radiant energy transmitted by the 
ocular slit is distributed among the wave lengths contained in the pure spectrum range given in Table 2. 
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tion from the spectrophotometric data of the trichromatic coordi. 
nates of the color of the transmitted light, as well as in other applica. 
tions of the spectrophotometric data. The change to the helium 
or mercury-vapor sources is rapidly and conveniently made, as previ- 
ously explained. 

As an indication of the precision and accuracy of the measure- 
ments with the spectrophotometer and transmission sources herein 
described, the measured transmissions of the 1, 10, 50, and 80 per 
cent sectored disks are shown in Figure 19 along with the fractional 
probable errors in the transmission as computed by equation (42), 
The precision of measurement depends to some extent, of course, on 
the general brightness level of the photometric field. In order, 
therefore, that the field brightnesses in these tests be representative 
of general working conditions with the heterogeneous source, a spectral 
range of 5 my was maintained at all wave lengths with the following 
exceptions: At wave lengths 700, 720, 740, and 760 my the ranges were 
7, 10, 16, and 18 my, respectively. With the mercury-vapor lamp 
source, slits as wide as possible were used for wave lengths 436 and 405 
my. In this way a greater field brightness is obtained at these wave 
lengths than can be obtained with the heterogeneous source and nar- 
row slits. For wave lengths 546 and 578 my (576.9+ 579.1 my) the 
field brightness with the wide slits was too great for eye comfort. In 
these cases the slits were either narrowed or a neutral low-transmis- 
sion screen placed before the nicol. The precision of the measurements 
made with the Hg lines at wave lengths 436 and 405 mz is, in general, 
as good, even for low-transmission samples, as that obtained with the 
heterogeneous source in the more luminous regions of the spectrum. 

The horizontal broken lines in Figure 19 represent the known 
transmissions of the disks as given by angular measurements of the 
sector openings.** These values are given in the figure and are known 
to be accurate within one unit in the last decimal place. The 
accuracy of the measurements with the spectrophotometer is indi- 
cated by the general proximity of the points to horizontal lines. 
Occasional wide departures, which do not appear to be caused by 
inherent instrumental errors, are common in spectrophotometric 
work and are often difficult to explain. Measurements on these 
disks, made by other observers in this laboratory on various occasions, 
are in good agreement with the above data. The data, as a whole, 
show no systematic error in the measurements at any wave length and 
for transmission values down to 10 per cent. Measurements on @ 
sectored disk having a known transmission of 0.0154 have been 
reported in a previous publication.” These measurements indicate 
no discrepancies in the direct measurement of low-transmission values 
of this magnitude. 


lee ee ee ee 





% See footnote 8, p. 813. % See footnote 21, p. 830. 
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In the case of the 1 per cent sectored disk (accurate transmission = 
0.88 per cent), however, the measurements herein reported are con- 
sistently too low by an average value of about 2 per cent. Referring 
to the data in Table 1, it is evident that this error is not caused by 
the inaccuracies there considered in the circular scale of the nicol 
mounting, for it is not eliminated by the averaging of the readings 
made in the four quadrants. In the previous discussion of errors in 
the circular scale it was assumed that the plane-polarized vibrations 
entering the nicol from fields 1 and 2 were strictly at right angles to 
ach other; also, that the transmission of the nicol prism for a plane- 
polarized beam followed exactly the cosine-square law. Neither of 
these conditions may be accurately fulfilled, and the discrepancies, 
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Fic. 19.—Test of precision and accuracy of measurements with the Koenig- 
Martens spectrophotometer (using transmission sources) 


though small, may readily give rise to the error observed in the direct 
measurement of such low-transmission values. 

These errors are avoided, however, by use of the 1 or 10 per cent 
sectored disk in the beam opposite the sample, as previously de- 
scribed. In this way transmissions in the neighborhood of 0.001 are 
measured with accuracy, for all wave lengths at which a sufficient 
field brightness may be obtained. 

To test the accuracy of:the mechanical calibration of the’1 per 
cent sectored disk, its transmission was measured with the spectro- 
photometer relative to that of the 10 per cent disk. The following 
substitution method was used in order to avoid readings on the 
circular scale near 0 and- 90°: A glass having a transmission of ap- 
proximately 10 per cent was mounted in the regular manner in one 
beam, with the 1 per cent sectored disk mounted in the other beam. 
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The transmission of the disk was then carefully measured (for waye 
length 530 my) relative to that of the glass by the usual method of 
interchanging the glass and sector in the beams. Ten readings of 
each angle of match were made in each quadrant of the circular scale. 
The 10 per cent disk was then substituted for the 1 per cent disk and 
likewise measured relative to the same glass (without disturbing the 
position of the glass on the sample holder). From these data the 
transmission of the 1 per cent disk was computed, using the known 
transmission of the 10 per cent disk, as given by both mechanical and 
photometric calibrations (fig. 19). A value of 0.00880 was obtained, 
which is in excellent agreement with the mechanical calibration. 

Assuming the accuracy of the photometric measurements, the 
data in Figure 19 then furnish additional evidence for the validity of 
the Platau-Talbot law (for the rotating sectored disk) for various 
wave lengths throughout the visible spectrum. 


2. REFLECTION MEASUREMENTS 


In the discussion of the theory of the spectrophotometer the 
quantity measured was designated, in general, by the symbol X and 
defined as the change in the relative intensities of the entrant beams, 
when, in the case of reflection measurements, one of the two com- 
parison standards was replaced by a sample. The necessity for two 
comparison standards is obviated, however, by the operation of in- 
terchanging the positions of the sample and standard and the match- 
ing of brightnesses in the photometric field in each case. For the 
reflection measurements to be made the quantity X is equal to the 
ratio of the brightness of the sample to the brightness of the compari- 
son standard, as observed normally when both sample and standard 
are under equal illuminations from the hemispherical source. 
Actually, the absolute illuminations on the sample and standard need 
not be the same, such inequalities being effectually eliminated in 
either of the two methods of use of the instrument. (See Section 
IV, 3.) The brightness ratio may depend, however, on the degree 
of diffusion of this illumination. This matter will be fully discussed 
later in this section. 

(a) Reruection Sranparps.—The comparison (or ‘ working”) 
standard which has been in use for some time is an opaque por- 
celain plate having a fine-ground (matt) reflecting surface. The 
choice of this particular material was purely a matter of convenience 
and serviceability. Its absolute reflectance is fairly high and 
approximately nonselective with respect to wave length; it is dur 
able, withstands the heat from the lamps without special cooling, and 
may be removed for cleaning as frequently as desired. 

In order to express the reflective properties of a given material 
terms of a more definite and reproducible material, however, * 
magnesium oxide film is used as the primary reference standard for 
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all spectral reflection work. This material is used pending the 
development of a more suitable material or means for the absolute 
evaluation of the working standard. 

The magnesium oxide standard is prepared by allowing the oxide 
from burning metallic magnesium to deposit upon a plane matt 
porcelain plate to a thickness such that a further increment in thick- 
ness would produce no change in the reflective properties. A mag- 
nesium oxide film so prepared is a good diffuser and has a reflectance 
almost unity (approximately 0.98), with very little, if any, selectivity 
with respect to wave length. 

No extensive study of the permanence or reproducibility of this 
standard has been made. In order to calibrate the working standard, 
however, measurements of its brightness relative to that of the oxide 
have been made (with the equipment herein described), using five 
different oxide films. These films were prepared in the prescribed man- 
ner from two different commercial sources of magnesium metal shavings 
(as used for the Grignard reaction). The films varied in thickness 
from 0.36 to 0.50 mm, and measurements were made in each case on 
the same day the films were prepared. Three different observers 
participated in these measurements. Three of the films were pre- 
pared and measured (by H. J. M.) soon after the equipment was 
completely installed. The other two films were prepared and 
measured two years later (by K.S. G. and D. B. J.).. No consistent 
differences between these various determinations were found which 
could be definitely ascribed to real differences between the reflective 
properties of the various films. From the data obtained thus far, 
this standard appears to be reproducible, under the prescribed 
conditions of preparation and use, within the limits of accuracy of the 
spectrophotometric measurements. 

Under the specified conditions of illumination and observation, 
then, let 

&,=brightness of primary MgO standard, 

B,’=brightness of working standard, 

B=brightness of test sample. 
In routine reflection measurements the quantity B,/B,’ is directly 
measured. B,’/B, is the result of the calibration of the working 
standard in terms of the primary standard. The final expression of 
the reflective properties of the sample is then computed as 


Bag Brightness of sample __—-B, B,’ (51) 
B, Brightness of MgO standard B,’ B, ” 


This ratio is, of course, a function of the wave length. 

Referring to the discussion of Absolute Methods in Reflectometry 
in Bureau of Standards Journal of Research, vol. 1, No. 3, it is of 
interest to note in this connection that the brightness ratio measured 
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in the present paper may also be expressed (in the terminology of the 
paper cited) as the apparent normal reflectance of the sample relatiye 
to that of the standard under the given conditions of completely dif. 
fused illumination. Also, in accordance with the reciprocity law of 
Helmholtz, the quantity measured is the reflectance of the sample 
relative to that of the standard for unidirectional normal illumination. 
If the absolute spectral reflective properties of the standard were 
known, the absolute spectral reflectances of the sample would then 
be determined. Equipment is now being assembled with which the 
standard may be calibrated in absolute reflective terms, if desired. 

(6) Apequacy or ABSOLUTE ILLUMINATION ON SAMPLE.—The 
nature of the materials usually presented for reflection measurements 
is such that the above brightness ratio does not generally exhibit such 
rapid variations with wave length as does the transmission of many 
glasses, solutions, etc. In other words, reflection “curves” are not 
generally so steep as transmission curves. Without danger of appreci- 
able slit-width errors, then, wider slits may generally be used in 
reflection measurements, with a corresponding gain in photometric 
field brightness. Another characteristic of reflection samples is that a 
measurable quantity of light is always reflected into the spectropho- 
tometer at all wave lengths. Under completely diffused illumination 
this quantity is rarely less than 2 or 3 per cent of that reflected by the 
comparison standard. Hence the photometric field brightness at a 
given wave length is never reduced below a certain limit. 

These characteristics of the reflection samples have a bearing on 
the adequacy of the hemispherical source herein described, in regard 
to the absolute illumination on the sample. Although, for a given 
value of X and given widths of the instrument slits, the spectro- 
photometric field brightness with this source is not as high as that 
obtainable with the transmission sources, the illumination on the sam- 
ple and standard is sufficient, nevertheless, for good photometric 
precision in the measurements throughout the brighter region of the 
spectrum. When proper advantage of the permissible slit widths is 
taken, measurements of sufficient precision may always be made over 
the whole spectral range from 700 or 720 to 420 my.” 





” An arrangement providing completely diffused illumination from a mercury-vapor lamp is desirable 
supplement the above heterogenerous illumination, so that accurate measurements May be made on aby 
sample at wave lengths 405 and 436 my (as obtained in the case of transmission measurements). Apparatus 
has been installed in the laboratory, however, with which the desired brightness ratio may be measured 
under approximately 45° illumination from the mereury-vapor lamp. The Martens photometer is used 
in this case with selective filters to isolate the various spectral lines. Proper precautions are also taken! 
avoid polarization errors in the measurements. When the diffusive properties of the sample are not widely 
different from those of the comparison standard, the normal brightness ratios obtained under these condi 
tions of illumination are practically the same as obtained under completely diffused illumination. With 
this equipment the field brightness at wave length 405my is wholly adequate for precise reflection measure- 
ments on all samples, 

This arrangement of apparatus was designed and assembled by Dr. K. S. Gibson especially for use i0 
measurements made for the Munsell Research Laboratory on 70 representative samples from the Munsell 
Color System (B. S. test 46045; 1926). The method has subsequently been further developed and applied 
by W. D. Appel. See American Dyestuff Reporter (Sample Swatch Quarterly), p. 49; Jan. 23, 1928. 
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The hemisphere lamps are usually operated at a voltage consider- 
ably below normal, except in the end regions of the spectrum or for 
low-reflection samples. 

(c) EQUIVALENCE OF THE ILLUMINATION TO THE [DEAL COMPLETELY 
Dirrusep ConpiT1ion.—The measurements described on the sectored 
disks are a proof of the accuracy of the spectrophotometer in the 
measurement of the normal brightness ratio of the sample to the 
standard under the actual conditions of illumination from the hemis- 
pherical source. The question now arises whether or not the numeri- 
cal value thus obtained truly represents the desired brightness ratio 
under the ideal condition of completely diffused illumination. This 
ideal condition would be realized if all elements of the hemispherical 
inclosure were of equal brightness. Obviously, the condition is not 
rigorously satisfied in the actual construction of the hemispherical 
source, but the tests to be described will show that the illumination 
obtained with the present construction is practically equivalent to 
the desired condition of illumination for the reflection measurements 
to be made on different kinds of materials. 

If the sample and comparison standard have very nearly the same 
diffusive properties * (but not necessarily the same reflectance), the 
normal brightness ratio would be the same for any condition of illu- 
mination. When the diffusive properties of the sample differ widely 
from those of the standard, however, the brightness ratio may depend 
to a considerable extent on the condition of illumination. 

\ssuming that the illumination is not a sufficient approximation 
to the desired condition, then the error in the measurement of the 
normal brightness ratio of the sample to the standard depends 
essentially on the following considerations: (1) The degree and nature 
of the departure of the illumination on the sample from the desired 
completely diffused condition, and (2) on the diffusive properties of 
the sample and comparison standard. 

The comparison standard is usually a fairly matt diffusely reflect- 
ing material. The samples, on the other hand, may represent various 
stages of mixed diffuse and specular reflection varying from nearly 
perfect diffusion on the one extreme to pure specular reflection 
mirror sample) on the other. 

In the test of the illumination apparatus and in the choice of 
samples for this purpose we are not particularly concerned with the 
absolute reflectance of the test samples (or standard), or with the 
spectral composition of the incident and reflected light. These 
inatters play no essential réle in the test and enter into consideration 





* Two samples will be considered to have the same diffusive properties under given conditions of illumi- 
hation when the relative angular distributions of the reflected light flux—compared always at the same 
Wave length—are practically the same for each sample. The diffusive properties depend to a large extent 
on the absolute reflectance of the sample; hence, when the latter property varies markedly through the 
Spectrum the diffusive properties change accordingly. 
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only implicitly through their relation to the diffusive properties of 
the test samples. For example, asample of black paint with a smooth, 
glossy surface will approximate closely to the mirror sample, because 
very little light is reflected diffusely from the body of the material. 
Given a similar material, however, with a white pigment instead of 
the black, the large quantity of body reflection accompanying the 
surface reflection will bring the sample closer in type to the perfect 
diffuser. Likewise, the diffusive properties of a colored sample may 
be quite different for different parts of the spectrum. 

A practical test of the adequacy of the hemispherical arrangement 
herein described, as a source of completely diffused illumination for 
the prescribed purposes, has been made in the following manner: 

1. A separate source of diffused illumination was available, which 
was known by independent tests to be a very close and sufficient 
approximation to the completely diffused condition of illumination 
for these purposes. 

2. A group of samples was chosen representing various degrees of 
departure from the perfectly diffusing sample on the one hand and a 
mirror sample on the other. ‘The color of these samples being unim- 
portant, a group of neutral samples was used of which the reflective 
properties were already known from the results of a previous investi- 
gation. 

3. The brightness ratios of the test samples to the (porcelain) com- 
parison standard were measured for both sources of diffused illumi- 
nation and the results compared. An agreement between the two 
sets of measurements is then considered as a sufficient proof of the 
equivalence of the two illuminations for the intended purpose. 

The known source for completely diffused illumination used in this 
test is part of an equipment now being assembled for the study of 
various problems involving the reflective and transmissive properties 
of diffusing materials. A complete description of the source and the 
spectrophotometric apparatus used with it will be given in a forth- 
coming publication of the bureau series. In the following brief 
description of this new equipment only those features are mentioned 
which have a bearing on its application to the present problem: 

1. The source for completely diffused illumination is constructed 
in a manner somewhat similar to that described in the present paper, 
the essential difference respecting the illumination on the sample 
being the interposition of a milk-glass hemisphere between the lamps 
and the sample. 

2. The sample and standard are not mounted side by side and 
compared simultaneously, but either one may be placed alone at 
the center of the base of the milk-glass hemisphere and the normal 
brightness of the sample observed with a spectrophotometer throug! 
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a small hole at the pole of the hemisphere. The sample may also 
be observed at 12° from the normal (and at five other angles). 

3. The spectrophotometer™ differs in type from the Koenig- 
Martens instrument and uses a comparison source, separate from 
the hemispherical source, for the illumination of one half of the 
photometric field. The other half of the field is illuminated by light 
reflected from either the sample or the standard under the (com- 
pletely) diffused illumination from the milk-glass hemisphere. The 
desired brightness ratio is obtained by alternate substitutions of the 
sample and standard. 

4. The relative brightness distribution over the inner concave 
surface of the milk-glass hemisphere may be measured directly from 
the position of the sample and is known to be constant within 
definite limits, so that the degree of approximation to the ideal 
completely diffused condition of illumination on the sample is also 
definitely known. ’ 

This illumination is as nearly completely diffused as any of three 
diffused illuminations previously described by the author in connec- 
tion with a study of some absolute methods in reflectometry. (B.S. J. 
Research, 1, No. 3, fig. 4.) In that work a group of samples was 
used, approximately neutral in color, and representing various 
degrees of departure from the perfectly diffusing sample. The 
reflective properties of these samples were found to be the same 
under each of the three diffused illuminations above referred to. 
Hence it was concluded that the three illuminations were each a 
sufficient approximation to the completely diffused condition for 
all practical purposes. The reflective properties of the samples 
were not analyzed with respect to wave length, however, as a spec- 
trophotometer was not used in the investigation. Hence the measure- 
ments therein made can not be compared directly with measurements 
which might be made on the same samples with the Koenig-Martens 
spectrophotometer and the illumination apparatus here under test. 
Different quantities are measured in each case. This previous work 
is referred to here as a proof of the equivalence of the illumination 
from the milk-glass hemispherical source to the ideal completely 
diffused condition of illumination, in order that the equipment 
briefly described above may be justly applied to the present test of 
the source of diffused illumination used with the Koenig-Martens 
spectrophotometer. Furthermore, the samples therein employed 
form a series such as is required in this test. The samples actually 
used, however, are not the identical samples employed in the previous 
work, but very similar pieces from the same stock or kind of material; 


“The type of instrument used is described by C. W. Keuffel, J. Opt. Soc. and Rev. Sci. Inst., 2, p. 
403; 1925, 
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so that the data and curves in the paper cited serve as a good descrip. 
tion of the reflective properties exhibited by the test samples. Thegg 
samples are all of a type showing no appreciable polarization of the 
light reflected to the spectrophotometer. 

The brightness ratios, as measured with both sources of diffused 
illumination, are given in Table 3. From the preceding discussion 
it is evident that complete measurements for various wave lengths 
throughout the whole visible spectrum are not essential to this test, 
Measurements have been made only at wave lengths 480, 580, and 
670 my. Slit widths on each spectrophotometer corresponding to 
a 10 my spectral range were used to insure an entirely adequate 
field brightness and thus a maximum photometric precision in all 
the measurements. The use of neutral samples avoids the poss- 
bility of any slit-width errors or other uncertainties incident to the 
measurement of brightness ratios varying rapidly with the way 
length. The magnesium-carbonate,. white-felt, and M samples have 
a matt surface, whereas the V samples are photographic papers 
having a smooth, very glossy surface. 


TABLE 3.—Test of the diffused illumination used for reflection measurements, 
showing its equivalence to the ideal completely diffused condition of illumination 
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1 See B. S. J. Research, 1, No. 3, for complete description of the samples and their reflective p! abe 
The M samples are gray painted cardboard (matt surface). The V samples are glossy photograp™ 
papers. 
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The measurements on the mirror and glossy samples, in particular, 
show quite conclusively that the desired condition of illumination 
js approximated so closely, with the hemispherical illumination 
apparatus here under test, that further approximation to the ideal 
condition would not appreciably alter the observed brightness 
ratios. 

When the glossy samples are observed normally with the milk- 
glass hemispherical source, there is a noticeable effect on the observed 
brightnesses caused by the (black) observation hole at the pole of the 
hemisphere. The effect is not appreciable with the hemispherical 
construction used with the Koenig-Martens spectrophotometer, 
because of the greater spread of the beams and the narrowness of the 
hemisphere slits (15, fig. 4). Consequently, the measurements with 
the milk-glass hemispherical source were made on all the samples 
at an observation angle of 12° from the normal. However, the pre- 
vious study of these test samples shows that, with the exception of the 
white-felt sample only, the brightnesses under approximately com- 
pletely diffused illumination are sensibly the same for 0 and 12° 
angles of observation. The slightly higher value obtained for the 
white-felt sample with the milk-glass hemispherical source is in 
accordance with the reflective properties of this material. 

In the measurement of very glossy samples it is evident that a 
greater part of the light reflected into the spectrophotometer orig- 
inates from the polar region of the hemisphere. Consequently, it is 
particularly important that the average brightness of the source in 
this region be approximately equal to the average brightness of the 
whole hemisphere. The filtermg of the air which is drawn through 
the hemisphere for ventilation purposes is an important matter in 
the maintenance of the desired condition of illumination. 

A set of reflection samples which have been calibrated under a 
known source of completely diffused illumination are a desirable 
adjunct to the equipment, in order to test and maintain an occasional 
check on the conditions of illumination. 


Many features of the equipment herein described represent the 
accumulated experience of the colorimetry laboratory of the Bureau 
of Standards in regard to the requirements for visual spectropho- 
tometry. In this respect the author gratefully acknowledges miscel- 
laneous contributions and suggestions by I. G. Priest and K. S. 
Gibson which are embodied in the design of the apparatus. 


WasHINGTON, January 22, 1928. 


& 
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EFFECT OF TEMPERATURE CHANGE ON THE COLOR 
OF RED AND. YELLOW LOVIBOND GLASSES * 


By Deane B. Judd? 


ABSTRACT 


The spectral transmission at 12 wave lengths in the visivie spectrum of two 
Lovibond glasses (35Y and 7.2R) has been carefully determined at 15° C. and at 
40° C. From these spectral transmission data the color changes corresponding 
to the temperature interval of 25° C. have been computed. It was found, both 
for 35Y alone and for the 35Y+7.2R combination, that an increase of 25° C. is 
the practical colorimetric equivalent of adding 0.2 in Lovibond red units. This 
difference is almost negligible in the color grading of cottonseed oil. 

Preliminary work on two samples of cottonseed oil indicates that the oil 
changes in color with change in temperature even less than the glasses do. If 
all oils behave like these two samples, only extreme variations (more than 15° C.) 
in temperature need be taken into account in color grading cottonseed oil with 
Lovibond glasses. 


CONTENTS 


I, Introduction 

II, Method of measurement 
III. Results 
IV. Summary 


I. INTRODUCTION 


The present paper is a minor contribution to the program which 
has been in course at the Bureau of Standards for a number of years, 
and which has for its goal the attainment of agreement in color 
grading cottonseed oil. Considerable progress has been made in 
standardizing the Lovibond glasses themselves,’ and a start has 
been made toward standardizing the observers who use the glasses.‘ 





‘A preliminary synopsis of certain of the experimental results herein reported has appeared in the Oil 
and Fat Industries for April (p. 115) and May (p. 152); 1928. 

' This work was carried out at the instance of Irwin G. Priest and with the advice of Dr. K. 8. Gibson, 
who had made some preliminary measurements, which he put at the disposal of the present author. 

‘ Report on calibration of sixteen Lovibond red glasses of nominal value 7.6, by I. G. Priest, Cotton Oil 
Press; January, 1921. The Lovibond Color System, I. A Spectrophotometrie Analysis of the Lovibond 
Glasses, by K. S, Gibson and F. K. Harris, B. 8. Sci. Paper No. 547; Feb. 17, 1927. (Copies may be obtained 
‘rom the Government Printing. Office, Washington, D. C., at 15 cents each.) Standardizing the red and 
yellow Lovibond glasses, by Irwin G. Priest and K. 8. Gibson, J. Opt. Soc. Am. and Rev. Sci. Inst., 16, 
P. 116; 1928, A study of 129 Lovibond red glasses with respect to the reliability of their nominal grades, 
by Deane B. Judd and Geraldine K. Walker, Oil and Fat Inds., , p. 16; 1928, See also Oil and Fat Inds., 
p. 433, December, 1927; p. 27, January, 1928; p. 58, February, 1928; p. 92, March, 1928; p, 114, April, 1928; 
P. 152, May, 1928; p. 184, June, 1928; p. 220, July, 1928. 

‘ Tests of the color sense of A. O. C. S. members and data on sensibility to change in Lovibond red, by 
Irwin G. Priest, Oil and Fat Inds., 6, p. 63; 1928. A much more comprehensive test was carried out at 
New Orleans in May, 1928, and a report of the results is in preparation. 
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It is well known, however, that the absorption characteristics of 
many glass filters, and, hence, the color of those filters, change with 
temperature. If an oil were graded with a set of glasses at (say) 
25° C. at one time, and by the same observer at another time with 
the same set of glasses at 50° C. (that is, the oil at 25°, the glasses at 
50°), it might reasonably be expected, on account of the tempers. 
ture change of the glasses, that the two grades would not agree! 
Whether the amount of this disagreement would be important or 
negligible, or whether it would result in too high or too low a grade 
for the oil, can not be predicted. It is the purpose of the present 
paper to give results of tests framed to decide these points. 


Il. METHOD OF MEASUREMENT 


Determination of the relative spectral transmission °® of two glasses 
(35Ypsiozsec aNd 7.1 Rysicssc)’ separately and in combination were 
made for the following wave lengths: Hg 405, Hg 436, 470, Hg 492, 
He 502, 530, Hg 546, 560, Hg 578, He 588, 620, and 680 my, 20 settings 
entering into each determination. The spectrophotometer used was 
the Koenig-Martens instrument equipped with a thermostat for 
control of the temperature of the sample.’ A single set of measure- 
ments consisted of one determination made at each of the above wave 
lengths with the sample at 15° C., then one determination for each 
wave length with the sample at 40° C., and, finally, one determination 
at each of wave lengths 405, 436, 492, 502, 546, 578, and 588 my 
with the sample again at 15° C. Two sets each were made for the 
three filters (that is, for the two separate glasses and their combine- 
tion). Special precautions were taken to insure accurate setting of 
wave length; and, at the low temperature (15° C.) frequent inspec- 
tion was made to be sure that no moisture had collected on the cover 
glasses. 





5 It should be remarked that we consider the effect of changing the temperature of the glasses alone, not 
the oil, because the scope of this paper does not include a study of the oils graded in practice by Lovibond 
glasses. The working situation, as above stated, is of more than academic interest, however, because there 
is some reason to believe that many oils either do not change color on being heated (see footnote 18, p. 865) 
or, at least, change much less than the glasses, in which case the temperature of the oil is a matter of indifler- 
ence. Furthermore, if there exist oils whose color does change significantly with temperature, still the 
condition of having the glasses hotter than the oil sample is a technically important one because often in 
practice, many samples of oil are graded consecutively against the same 35Y glass which soon attains the 
temperature of the tintometer, while each oil sample, remaining a relatively short time in tle tintometer, 
fails to heat to much above room temperature. 

¢ The actual spectral transmissions were not measured because it was found necessary to cover the glasses 
being tested with two pieces of clear glass. This was done so that the glass itself could be kept at all times 
at the temperature of the thermostat undisturbed by currents of air from the room. ‘The relative spectral 
transmissions that were obtained are very close to the actual spectral transmissions because the reflection 
losses due to the two cover glasses were compensated for by two plates of glass in the comparison bea. 

7 These numbers (35 and 7.1) are the numerals engraved by the maker. 

* This instrument forms a part of the regular equipment of the colorimetry section of the Bureau 
Standards. It is described in full in Bureau of Standards Journal of Research, 1 (No. 30); 1928, by 
H. J. MeNicholas, ‘Equipment for Routine Spectral Transmission and Reflection Measurements.” 
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Taste 1.—Spectral transmissions for 35Y, 7.2R, and 35Y4-7.2R and change of 
spectral transmission with temperature (@) 


[The values of T) are not exactly the ones adopted as standard by Priest and Gibson. They refer to actual 
glasses—35Y B.8, test agooand 7R.B.8. test 11900—Wwhich approximate 35Y and 7.2R on the Priest-Gibson scale.] 
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From the values of relative spectral transmission so obtained for 
the three filters, it has been possible, by averaging and interpolation, 
to obtain for every 10 mu the change in spectral transmission (7)) 
per degree change in temperature (@). This quantity (d7}/dé@), is 
tabulated (see Table 1) for 35Y, 7.2R, and 35Y+7.2R,° together 
with the approximate values of spectral transmission for those filters.'° 


ee 





‘This Lovibond red numeral, and those which follow, refer to the red scale established by Priest and 
Gibson, J. Opt. Soc. Am. and Rev. Sci. Inst., 16, p. 116; 1928. 

_ The transmissions given are for illustrative purposes only; they do not represent accurately the par- 
ticular glasses studied, but rather 35YB. s. test «1900 and 7RB. 8. test «190 Which may be taken as typical of the 
spectral transmission that an average Lovibond glass of grade 35Y (or 7.2R or 35Y+7.2R) yields. This 
is the type of spectral transmission to which the temperature coefficients of spectral transmission (dT, /d8) r 
‘pply. The quantities in Table 1 are not independent, of course, but are connected, for each wave length, 
by the relations: 

Tsy47.2n=( Ty) (7T7.2r) 


(4 T/d0) sy 41.2n = ( T't.9n) [(d T/d8) 5x] +-( Tas) [(d T/d9) 7.28] 


and 
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It is plain that these results really refer only to the specific Lovibond 
glasses tested and only for the temperatures 15 and 40° C. If we 
are to apply these results to all Lovibond glasses of about these 
grades and to all ordinary temperatures, as would be convenient, we 
must accept the following assumptions: (1) The spectral transmis. 
sions of these Lovibond glasses for all wave lengths are assumed to 
vary in a sensibly linear way with temperature; and (2) all Lovibond 
glasses of about these grades are assumed to change in spectral trans- 
mission with temperature approximately as have the two which were 
studied. It is reasonable to suppose that the first assumption is 
correct, because the changes in transmission found are so small "'; we 
expect the second to hold because the same coloring materials ” 
enter into all sets of Lovibond glasses. 
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Fic. 1.—Spectral transmission of 35Y glass and 7.2R glass at different 
temperatures 


Increasing the temperature of either the red or the yellow Lovibond glass. shifts [the curve of 
spectral transmission toward longer wave lengths, but the change of the yellow glass is considerably 
greater. 

Figure 1 serves to illustrate the results presented in Table 1. The 
solid curves are plotted from the spectral transmissions plus 100 times 
the change in transmission per °C. rise in temperature. The solid 
curves of spectral transmission may be taken as typical of 35Y 
glasses and 7.2R glasses at about 20° C.,; if the two assumptions just 
discussed are correct, the dotted curves may be taken as typical of 





i The largest change found was 0,001 per °C. This amounts to0.025 in transmission for the 25° temper: 
ature interval studied. A change of 0,005 in transmission is about the smallest whose direction can be deter- 
mined with certainty from two determinations of 20 settings each. 

12 The Lovibond filters are all flashed glasses; the absorbing material in the yellow glasses is principally 
silver; in the red glasses, gold. (See J. W. Lovibond, On a new method of colour analysis by means of the 
tintometer, J, Soc. Chem, Ind., 9, p. 15; 1890). The effect of temperature change on the light-absorbing 
properties of these kinds of glasses apparently bas never before been studied. 
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the same glasses at about 120°C.” It may be noted that the effect 
of increasing the temperature of the glasses is to shift the curve of 
spectral transmission somewhat toward the red. Both glasses show 
this sort of shift, but the shift for the 35Y glass is perhaps four or 
five times as great as that for the 7.2R glass. 

The next problem is to convert these changes in spectral trans- 
mission into colorimetric terms. It may be seen that the 35Y glass 
or the combination 35Y+7.2R must become more reddish on being 
heated, but we wish now to know how much this increase amounts 
to in Lovibond units. Accordingly, we assume that the glasses are 
illuminated by sunlight (Abbot-Priest sun) and compute the color 
characteristics of the transmitted light.“ Table 2 shows the results 
of this computation for 35Y and 35Y+7.2R, both for the spectral 
transmissions given in Table 1, and for those which are typical of the 
glasses after a rise of 25° C. The symbols in the first column refer 
to the trilinear coordinates (r, g, 6), the dominant wave length (A), the 
colorimetric purity (P), and the transmission for Abbot-Priest sun 
(T,). It will be noticed that, in both cases, heating the glasses 
results: (1) In a redder color (note that the r-coordinate has increased 
at the expense of the g and 6 coordinates; note also that the dominant 
wave length and purity have increased) and, (2) in a darker color 
(note the decrease in transmission for sunlight). 


TABLE 2! 





35Y 35Y+7.2R 


Normal 25° 25° 
tem- above Change tem- above Change 
perature | normal perature | normal 











0. 5035 0. 5073 +0, 0038 0. 5961 0. 5994 
- 4595 . 4580 —. 0015 . 3782 . 3768 
. 0370 . 0347 —. 0023 . 0257 - 0239 


575.97m | 576. 43 +. 46 587. 2 587. 4 
- 931 - 935 +. 004 - 951 . 953 
. 622 - 614 —. 008 . 268 . 265 


























'These computed quantities are based on the Optical Society of America visual response functions as 
extrapolated by Priest and Gibson (J. Opt. Soc. Am. and Rev. Sci. Inst., 10, p. 230; 1925). The standard 
“neutral” stimulus taken is Abbot-Priest sun (J. Opt. Soc. Am. and Rev. Sci. Inst., 12, p. 479; 1926). 

Note.—The data for r, g, b, A, P, and T are not the standard values for the Priest-Gibson scale. They 
are to be understood merely as characterizing particular glasses (35Y p. s. test 4190aNd 7R B. 8. test 41960) Which 
are approximate realizations of the standard 35Y and 7.2R. 








" Ofcourse, the glasses are not ordinarily used at such high temparatures as 120° C., but ifa small tempera- 
ture difference (say 10°) were taken, the transmission differences plotted on the graph would be too small 
to be easily apparent. Figure 1, therefore, serves to illustrate the kind of transmission changes which 
occur, though to a proportionally smaller degree, for usual temperature differences (say 10 or 20° C.). 

‘For methods of computing from spectral transmission, the trilinear coordinates (r, g, b), dominant 
Wave length (A), colorimetric purity (P), and transmission for sunlight (7), see: J. Opt. Soc. Am. and 
me Sci. Inst., 6, p. 527; 1922; 9, p. 503; 1924; 18, p. 123; 1926; and 18, p. 133; 1926, particularly the first one 


"The transmissions typical of the glasses 25° C. above normal are computed as 7) +25 (dT) /d8)). This 
temperature difference is chosen because it is about the maximum difference which may be expected to 
arise in the ordinary use of the Lovibond glasses. It is also the difference at which the glasses were measured 
lor change in spectral transmission. 
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Now, if a small amount of Lovibond red were added to these filters 
the resulting combination would also be redder and darker, | 
might conceivably turn out that heating the glasses is the exact colori- 
metric equivalent of adding a certain amount of Lovibond red to 
them; and if this should be the case, a convenient way of specifying the 
temperature effect would be its equivalent in Lovibond red. In order 
to find out how the color changes specified in Table 2 compare with 
the color changes produced by adding Lovibond red to the filters, the 
r and g trilinear coordinates from Table 2 are plotted on the same 
graph (fig. 2) with the r and g trilinear coordinates of the ideal red 
scale (established by Priest and Gibson) in combination with a glass 
that is an approximate 35Y. 
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Fie. 2.—Graphic representation of the color change of the 35Y glass and the 
385Y+7.2R combination due to change in their temperature 


The color change produced by heating the red and yellow Lovibond glasses is nearly the same 
in both cases as is produced by adding Lovibond red, but it isnot exactly the same kind of change. 
An increase of 25° C. is practically equivalent in either case to the addition of 0.2 in Lovibond red 
units. 


Examination of Figure 2 shows that, both for 35Y and _ for 
35Y+7.2R, heating the glasses is not exactly equivalent to the 
addition of Lovibond red, but that it is nearly equivalent. Heating 
either the 35Y or the 35Y + 7.2 R filter 25° C. above normal is nearly 
equivalent to adding 0.2 Lovibond red. In more specific terms, 4 
35Y glass at 50° C. would be a very close hue match * for the 
35Y +0.2R combination (on the Priest-Gibson scale) at 25° C. The 
saturation equivalence would not be perfect, but probably the satura- 


% Although Figure 2 suggests strongly that the temperature effect expressed in Lovibond red units is very 
nearly the same at 35Y+7.2R as it is at 35Y, it is not obvious why we may say that 35Y at 45° C. has the 
same hue as 35Y+0.2R at 20°C. This assertion is based on the fact that r/g for 35Y at 45° C. is nearly the 
same as r/g for 35Y+0.2R at 20°C. It has been shown by Abney (Proc. Roy. Soc., A., 83; 1909) that con- 
stant r/g for these colors is synonymous with constant hue. To show that the hue change due to tem- 
perature change (that is, the change in r/g due to temperature change) is the same as the hue change due 
to the addition of a given amount of Lovibond red both at 35Y and at 35Y+7.2R, we proceed to compute 
for these two colors how much Lovibond red (AN) must be added to produce the same inerement in hue 
(Ar/g) as was produced by raising the temperature 25° C. We have at hand the trilinear coordina‘ 
(r, 9, 6) for all values of N on the 35Y+NR scale (some of these are shown in fig. 2); hence we can compule 
r/g as a function of N. From this curve (which is sensibly linear for AN=0.2) we may obtain dN/d(r/) 
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tion difference would be too small to be detected. A perfect hue and 
saturation match would result if some Lovibond yellow (perhaps about 
three units) were added as well as the 0.2 Lovibond red. This three 
units of Lovibond yellow is not perceptible with certainty, however. 
Since a rise in temperature of 25° C. is very closely equivalent in hue 
and saturation to the addition of 0.2 Lovibond red unit both at 35Y 
and at 35Y+7.2R, it is probably safe to conclude that this equiva- 
lence holds all along the 35Y + NR scale from 35Y up to 35Y+7.2R, 
or, perhaps, further. 

It has also been shown that a rise of 25° C. makes the 35Y glass 
darker by 0.008 (see Table 2) and the 35Y +7.2R combination darker 
by 0.003. If 0.2 in Lovibond red units were added to 35Y " the 
transmission for sunlight would decrease by 0.012, which is not far 
from the darkening (0.008) produced by heating the glass 25° C. 
If the 0.2 in Lovibond red units were added to the 35Y +7.2R combi- 
nation, the transmission for sunlight would decrease by 0.004 which 
is not far from the darkening (0.003) produced by heating the com- 
bination 25° C. Hence, we may conclude that not only is a rise in 
temperature by 25° C. of any of the glass combinations between 35Y 
and 35Y+7.2R practically equivalent in hue and saturation to the 
addition of 0.2 in Lovibond red units, but also that it is practically 
equivalent in brilliance (brilliance is degree of lightness or darkness) 
as well.'8 





for any value of N, though, to be sure, we shall need this value only for N=O and for N=7.2. The 
required increments in Lovibond red (A.V) may be computed as: 
AN=A(r/g) [4 N/d(r/9)] 

35Y 35Y+7.2R 
0. 5035 0. 5961 

- 4505 . 3782 

_ . 5073 . 5904 
25° C. above normal..{ g 4580 _ 3768 
Normal temperature.. —_r/g 1, 0958 1. 5762 
25° C. above normal... = r/g 1. 1076 1. 5908 
Ar/g . 0118 . 0146 
a N/d(r/g) 17.1 13.5 
AN=A(r/g) [d N/d(r/g)] - 203 - 197 

From these numerical results, it is concluded that the hue change due to temperature change of 25° C. 
is closely equal to the hue change produced by adding 0.2R, both at 35Y and at 35Y+7.2R. 

" It is not meant to add a 0.2 red glass to the 35Y glass in the usual way because the resulting combination 
would be darker by about 8 per cent of its transmission from reflection losses, alone, due to the two added 
surfaces. If this addition of 0.2 in Lovibond red units is to be thought of as the combination of an actual 
ted glass of 0.2 Lovibond grade (on the Priest-Gibson scale) with the 35Y glass, the conclusions about to be 
made will only be valid if these two glasses are in optical contact so that the loss in transmission due to two 
additional reflecting surfaces will be avoided. 

“Jt may well be pointed out here that if the oil to be measured by these glasses should change in the 
Same Way with temperature as the glasses do, it might not be necessary to take any account of the change 
of the glasses. It would only be necessary to keep the oil and the glasses at about the same temperature. 
However, two samples of oil, measured in the same way the glasses were measured, did not show any certain 
change in hue or saturation. Both samples of oil became somewhat lighter on heating (increase in the 
transmission for sunlight of about 0.020), and did not, on cooling, darken quite to their original state. Ifthe 
observer who reads the oils mistakes darkness for redness, this nonselective change in transmission might 
be important; for, to get a corresponding change in transmission for sunlight on the 35Y-+NR scale, nearly 
a whole Lovibond red unit must be taken. Furthermore, this change is in the opposite direction from 
that shown by the glasses; that is, the two oils studied grew lighter, the glasses grew darker, on being heated. 
The conclusions based on the change of the absorbing characteristics of oil due to change in temperature 
are valid only for the two samples studied. It is not justifiable to assume, as was done in the case of the 
glasses, that all cottonseed oils are like the two samples studied, because, unlike the glasses, the oils do not 
Contain unvarying coloring materials. 


Normal temperature - r| 


See Table 2-- 





866 Bureau of Standards Journal of Research 
IV. SUMMARY 


1. The changes in spectral transmission produced by heating 
a Lovibond 35Y glass and a Lovibond 35Y +7,2R glass combination 
have been determined for the temperature interval of 15 to 40°C, 

2. From the changes in spectral transmission the color changes 
resulting from the glass filters illuminated by sunlight have been 
computed by making use of the Optical Society of America visual 
response functions. 

3. It is shown that, for Lovibond glasses between 35Y and 
35Y+7.2R on the Priest-Gibson scale, an increase in temperature 
of 25° C. is practically equivalent to the addition of 0,2 in Lovibond 
red units. 


WASHINGTON, June, 1928. 
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